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Myeloid diversity in tumors: Shaped by genes, 
location, and time
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Myeloid cells are present in neoplastic tissues from the earliest stages of transformation through to fully developed tumors. 
However, their intrinsic dynamism and plasticity make them difficult to target therapeutically. Emerging technologies are 
uncovering previously unrecognized cellular states and functions, thus reshaping our understanding of myeloid cell biology 
beyond their traditional inflammatory roles. This review discusses recent advances in identifying tumor-specific cues, tissue 
structural components, and the temporal modulation of neutrophil and macrophage programs in tumors, which are influenced 
by both cell-intrinsic and systemic signals. By integrating molecular, environmental, and time-dependent aspects of myeloid 
biology, we discuss here our understanding of their functional diversity and inform the development of future cancer therapy 
strategies.

Introduction
A marked enrichment of myeloid cells characterizes solid tu
mors. Mainly produced in the bone marrow (BM), their accu
mulation of myeloid leukocytes at the tumor site is the result of 
the abnormal and enhanced production of recruiting cytokines 
and chemokines by tumoral and stromal cells. The most abun
dant myeloid populations in tumors are neutrophils, monocytes, 
macrophages, and various precursors expressing low to inter
mediate levels of lineage-defining markers. Among these, poly
morphonuclear myeloid-derived suppressor cells (MDSCs) and 
monocytic MDSCs—which display immunosuppressive functions— 
fall within this category (Veglia et al., 2021). However, this 
classification does not capture the full spectrum of states and 
functional phenotypes observed in tumors.

As early responders to tumor-induced damage, myeloid cells 
can be rapidly reprogrammed by signals from the tumor and its 
microenvironment (TME), redirecting their normal homeostatic 
immune functions toward tumor-promoting activities. Among 
these, pro-tumoral neutrophils exhibit increased formation of 
neutrophil extracellular traps (NETs), elevated production of 
ROS, and enhanced angiogenic potential (Ng et al., 2025b). In 
contrast, pro-tumoral macrophages are often metabolically re
programmed toward highly glycolytic states, displaying reduced 
antigen-presenting and phagocytic capacities, while activating 
tissue-remodeling programs that facilitate tumor progression 
(Kloosterman and Akkari, 2023). Notably, mutation-driven spec
ificity further refines these functional adaptations, a topic we 

discuss in detail within the context of the spatial organization 
of myeloid cells in tumors. Finally, we emphasize how circadian 
biology emerges as a critical determinant of functional hetero
geneity in myeloid cells, offering new perspectives on how these 
programs can be therapeutically modulated. By integrating re
cent discoveries in myeloid tumor immunology with insights 
into mutation-driven adaptations, tumor spatial architecture, 
and circadian regulation, we frame a model whereby under
standing the molecular, cellular, and temporal dimensions of 
myeloid biology will be essential for designing personalized 
therapeutic strategies aimed at controlling—and ultimately 
curing—cancer.

Mutational drivers of myeloid heterogeneity 
in tumors
The TME is a dynamic ecosystem composed of cancer cells and 
various nonmalignant components that collectively influence 
tumor growth and progression. Immune and stromal cells, in
cluding fibroblasts, endothelial cells, adipocytes, and neurons, 
interact with the extracellular matrix (ECM) to create a supportive 
niche for tumor development. Soluble cytokines/chemokines and 
growth factors released by tumors—including G-CSF, GM-CSF, 
M-CSF, TNF-α, and VEGF—modulate immune activity by pro
moting the expansion, recruitment, and activation of myeloid cells 
within the TME. Additional cytokines and chemokines—such as 
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CCL2, CXCL1, CXCL2, IL-6, IL-1β, and CXCL8—facilitate the mo
bilization of neutrophils and macrophages into the TME of solid 
tumors. Despite strong preclinical rationale targeting recruitment 
axis for myeloid cells (Lin et al., 2001; Tap et al., 2022), clinical 
trials targeting these pathways have shown limited success 
(Sandhu et al., 2013; Tap et al., 2022). This underscores the limi
tations of targeting solely recruitment-based mechanisms to revert 
pro-tumoral myeloid functions. As a result, more nuanced strat
egies are emerging. A notable example includes blockade of 
TREM2, which, when combined with anti–PD-1 therapy, has 
shown promising results across several cancer models (Molgora 
et al., 2020). Nevertheless, in human hepatocellular carcinoma 
(HCC), TREM2HI tumor-associated macrophages (TAMs) are 
linked to both good prognosis and enhanced response to anti–PD-1 
therapy (Pauline et al., 2025, Preprint), highlighting the difficulty 
in applying a one-size-fits-all treatment approach across different 
cancers. The next section discusses how the mutational landscape 
of solid tumors influences not only the recruitment but also the 
phenotype and functional diversity of tumor-infiltrating neu
trophils and macrophages (summarized in Fig. 1 A and Table 1).

Loss of TP53 is one of the most frequent events in cancer 
(Serrano and Blasco, 2007). The most common TP53 mutation in 
humans, which is R175H (R172H in mice), promotes the upregu
lation of the chemokines CXCL1, CXCL5, and CCL2 in pancreatic 
ductal adenocarcinoma (PDAC), facilitating neutrophil and 
monocyte recruitment by activating NF-κB target genes (Mahat 
et al., 2025). Trp53R172H/−-mutated PDAC tumors exhibit increased 
infiltration of heterogeneous Gr-1+ arginase (Arg-1)+ myeloid cells, 
which correlated with greater tumor burden (Mahat et al., 2025). 
Additionally, p53 deficiency in KRAS-driven lung and pancreatic 
tumors enhanced macrophage recruitment through elevated ex
pression of CCL2, CSF-1, and CXCR3 (Blagih et al., 2020). In breast 
cancer, genetic loss of Trp53 increased the number of circulating 
neutrophils (CD11b+Ly6G+Ly6C+) via enhanced expression of 
CCL2, IL-1, IL-17A, and G-CSF across 16 different breast cancer 
genetically engineered mouse models (GEMM) (Wellenstein et al., 
2019). These neutrophils were mostly immature (expressing cKIT+ 

or CD117) in all Trp53-deficient models, but especially abundant in 
those harboring mutations for Met, estrogen receptor 1 (Esr1), and 
Brca1. Mechanistically, the authors demonstrated that Cdh1, Trp53- 
deficient, and Akt-mutated cancer cells secreted WNT (wingless- 
related integration site) ligands that stimulated TAMs to produce 
IL-1β, ultimately driving neutrophil expansion in BM and blood 
and infiltration at metastatic sites (Wellenstein et al., 2019). Given 
the impact of mutations on the secretory profile of tumor cells and 
the local and peripheral modulation that these cytokines/chemo
kines and growth factors can have on myeloid differentiation 
pathways in the BM (as exemplified by IL-1β modulation), it is 
critical to understand how mutations affect neutrophil and mac
rophage maturation, trafficking, or terminal effector profiles in 
tumors, which underscore the notion that myeloid cell biology 
cannot be comprehensively integrated without analyzing their 
ontogeny, trafficking, and target organ/tumor. Generally, TP53 
loss and mutations across multiple cancer types reshape tumor 
secretory programs to drive neutrophil and macrophage recruit
ment, expansion, and functional polarization with local (tumor) 
effects and systemic changes affecting BM hematopoiesis.

The PI3K pathway regulates cell proliferation, survival, mi
gration, and stem cell self-renewal, and it is frequently dysre
gulated in cancer. PIK3CAH1047R is found in hormone receptor 
(HR)+ HER2+ breast cancer, head and neck carcinomas, pan
creas, and melanoma, and gain-of-function (GOF) mutations are 
associated with poor prognosis (Wang et al., 2025). Studies using 
the murine MC38 colon carcinoma cell line have shown that 
tumors expressing PIK3CAH1047R are frequently associated with 
an enrichment of myeloid cells (neutrophils and monocytes) 
expressing CCR2, Arg1+, and IL-1β, as well as cancer cells over
expressing myeloid recruitment cytokine genes, such as Csf1, 
Ccl2, and Ccl7 (Collins et al., 2022). PI3K activation through 
PIK3CA GOF mutations promotes cytokine-driven recruitment 
and immunosuppressive polarization of neutrophils and mono
cytes across tumor types. This positions oncogenic PI3K signal
ing as a direct regulator of tumor-associated myeloid remodeling 
and clinical progression.

PTEN—a key regulator of PI3K activity—is frequently in
activated in human malignancies (Milella et al., 2015) and plays a 
crucial role in tumor growth, invasion, and stem cell plasticity. 
In prostate cancer (PCa), Pten loss in basal cells enhances NF-κB 
inflammatory signaling, increasing the recruitment of Ly6G+ 

myeloid cells and promoting tumor proliferation (Jiang et al., 
2025a). This loss upregulates Il1a and Il1r1, triggering an IL-1/ 
IL-1R autocrine loop that sustains basal stem cell plasticity and 
tumor initiation, while also inducing inflammatory and che
mokine genes (Ifit1, Tnfaip2, Cxcl2, Cxcl13, and Cxcl15) that favor 
the recruitment of neutrophils, monocytes, and macrophages 
(Jiang et al., 2025a). Club cells adopt a senescent-associated se
cretory phenotype profile in PCa, recruiting myeloid cells via 
CXCR2-CXCL1–8, which are predictive of limited survival in 
metastatic castration-resistant PCa (CRPC) (Kiviaho et al., 2024). 
Interestingly, PCa cells can induce neutrophil senescence 
through APOE, promoting an immunosuppressive phenotype that 
can be reversed with histone deacetylase inhibitors (Bancaro et al., 
2023). PTEN loss has been associated with the presence of SPP1- 
expressing macrophages, which contribute to therapy resistance 
in metastatic CRPC. In preclinical mouse models of PCa, SPP1HI 

TAMs reduced the efficacy of anti-PD1 and anti-CTLA4 immu
notherapy, as they expressed enriched A2A receptor signaling. A 
phase I trial revealed improved outcomes with the A2AR antag
onist ciforadenant, particularly in patients with high baseline 
SPP1HI TAM levels, suggesting its potential as a biomarker to select 
patients responsive to combination therapy (Lyu et al., 2025). 
Collectively, PTEN deficiency sustains inflammatory, stemness— 
supporting niches that reinforce myeloid recruitment, immune 
suppression, and therapy resistance in PCa. Specialized macro
phage states such as SPP1HI TAMs further identify the myeloid 
compartment as a key therapeutic vulnerability.

KRAS, a small GTPase that cycles between active (GTP-bound) 
and inactive (GDP-bound) states, is one of the most frequently 
mutated oncogenes in cancer. It is particularly associated with 
highly fatal cancers like PDAC, non-small cell lung cancer 
(NSCLC), and colorectal cancer (CRC) (Isermann et al., 2025). 
Oncogenic mutations in KRAS disrupt the nucleotide exchange 
cycle, leading to persistent activation of downstream signaling 
pathways that drive cell proliferation, survival, migration, and 
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tumor progression across multiple cancer types. One of the key 
effects of KRAS mutations is the shaping of the immune micro
environment, primarily through the activation of NF-κB, which 
promotes the expression of pro-inflammatory mediators like IL- 
1α/β, IL-6, TNF-α, CXCL1/2/5/8, CCL2, and inducible nitric oxide 
synthase. Additionally, KRAS signaling activates downstream 
pathways like MAPK and PI3K, which induce expression of IL- 
10, TGF-β, and GM-CSF, thereby fostering an immunosuppres
sive TME (Hamarsheh et al., 2020). In lung cancer, KRAS 

mutations occur in over 30% of cases, particularly in NSCLC 
(with KRASG12C and KRASG12V mutations being associated with 
smoking, and KRASG12D with nonsmokers) (Pereira et al., 2022). 
Studies on KRASG12C-mutant lung cancer models showed that 
treatment with KRAS inhibitor MRTX1257 reduced CCL2 and 
neutrophil chemokines, limiting monocyte and neutrophil re
cruitment and partially reversing myeloid-driven immunosup
pression (Mugarza et al., 2022). KrasG12D mutations drive an 
immunosuppressive macrophage phenotype, characterized by 

Figure 1. Genetic and spatial determinants of myeloid heterogeneity. (A) Tumor mutations drive distinct myeloid phenotypic profiles across different 
tumors. (B) Myeloid cells can be compartmentalized within specific tumor regions (PDAC, NSCLC, breast cancer and brain metastasis are shown as examples), 
reflecting local microenvironmental cues. LOF, loss-of-function; OXPHOS, oxidative phosphorylation; SASP, senescence-associated secretory phenotype.
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increased infiltration of F4/80+ MPO+ macrophages and the up
regulation of complement-related genes like C1qa, C1qb, C1qc, Mrc1, 
and Csf1r. These macrophages also express CCL2, IL-1β, CCL4, 
S100a9, and CX3CR1, further reinforcing their pro-tumoral pro
file (Lasse-Opsahl et al., 2025). KRAS-mutant lung cancer is 
strongly associated with an immune-evasive phenotype, in which 
KRAS signaling plays a critical role by orchestrating this immu
nosuppressive environment through cytokine and chemokine 
expression (Drizyte-Miller et al., 2025).

PDAC tumors are driven by KRAS mutations in 90% of cases, 
and macrophages critically regulate almost all stages of tumor 
development (Bleriot et al., 2024; Dunsmore et al., 2024). CD163+ 

LYVE1+ tissue-resident macrophages (TRMs) expand during 
acute pancreatitis and PDAC, with embryonic and adult-derived 
subsets showing distinct functions: embryonic LYVE1HI TRMs 
promote tissue repair and fibrosis, while monocyte-derived 
LYVE1LO cells are more inflammatory. In PDAC models, TRM 
depletion reduces fibrosis and slows tumor progression, un
derscoring their dual role in both normal repair and in fostering 
a pro-fibrotic, tumor-promoting microenvironment (Ying et al., 
2025; Baer et al., 2023). KRASG12D inhibitor MRTX1133 reshapes 
the PDAC TME by reducing granulocytic MDSCs and dendritic 
cells (DCs) while increasing macrophage infiltration, and its ef
ficacy improves when combined with anti-CXCR2, anti-LAG3, or 
anti–4-1BB therapies (Kemp et al., 2023; Liu et al., 2025). How
ever, pairing MRTX1133 with anti-PD1 instead promotes an im
munosuppressive macrophage state and upregulates CXCL3 and 
CCL5, showing that KRAS-targeted inhibition can trigger mye
loid cell reprogramming depending on the immunotherapeutic 
context. In chronic pancreatitis, elevated TGF-β drives KRAS 

therapy resistance by activating epithelial–mesenchymal tran
sition (EMT) and recruiting S100A4+ TAMs via SMAD3/4– 
NFAT5 signaling. Suppressing NFAT5 reduced S100A4 in tumor 
cells, but not in TAMs, which remained abundant near cancer 
cells, maintaining resistance despite NFAT5 inhibition (Deng 
et al., 2024). In a KrasG12D; Trp53R172H/+ experimental PDAC 
model, both immature and mature neutrophils infiltrate tumors 
and undergo irreversible reprogramming into a dcTRAIL-R1+ 

pro-angiogenic state, localizing to hypoxic and glycolytic tumor 
niches. Interestingly, co-occurrence of KRAS and TP53 mutations 
in PDAC stratifies patients at high risk, showing a myeloid 
landscape dominated by inflammatory macrophages and neu
trophils, with reduced T cell infiltration (Ng et al., 2024; Jiang 
et al., 2025b). KRAS-mutant CRC cells enhanced lactate secretion 
and GM-CSF reprogrammed TAMs to a phenotype that secretes 
IL-10, TGF-β, and CCL17, promoting tumor migration, invasion, and 
immune evasion (Liu et al., 2021). Additionally, in APC-KRASG12D– 
driven preclinical models of CRC, increased neutrophil infiltration, 
NET formation, and elevated IL-8 expression collectively contribute 
to tumor progression (Shang et al., 2020). Overall, KRAS mutations 
not only drive tumor progression but also profoundly shape the 
myeloid landscape in the TME, fostering both immune evasion and 
tumor promotion. Targeting KRAS directly or through immune 
modulation presents a promising strategy to reprogram the myeloid 
compartment and improve therapeutic outcomes. Oncogenic KRAS 
signaling reshapes the TME by coordinating inflammatory cytokine 
production, metabolic remodeling, and suppressive myeloid dif
ferentiation. The context-dependent myeloid reprogramming 
observed after KRAS inhibition supports combined strategies 
targeting both KRAS and tumor-associated myeloid cells.

Table 1. Major drivers of myeloid recruitment and heterogeneity in solid tumors

Mutation Cancer cell secretory/ 
gene expression profile

Tumor Myeloid response Reference

TP53 TP53R175H ↑ CXCL1, CXCL5, and CCL2 PDAC Activation NF-κB pathway 
Neutrophil and monocyte recruitment

Mahat et al. (2025)

Trp53−/− ↑ CCL2 and CSF-1 NSCLC and 
PDAC

Macrophage recruitment via CXCR3 Blagih et al. (2020)

Trp53−/− ↑ CCL2, IL-1, IL-17A, and 
G-CSF

Breast tumors Recruitment of immNeus Wellenstein et al. (2019)

PI3K PI3KCAH1047R ↑ Csf1, Ccl2, and Ccl7 CRC Enhanced recruitment of 
immunosuppressive myeloid cells. 
↑ CCR2, arginase, and IL-1β expression

Collins et al. (2022)

PTEN Pten-/- ↑ Il1a and Il1r1 
↑ Ifit1, Tnfaip2, Cxcl2, Cxcl13, 
and Cxcl15

PCa Activation NF-κB pathway. Recruitment of 
neutrophils, monocytes, and macrophages

Jiang et al. (2025a)

KRAS KRASG12D/ 
KRASG12C

↑ IL-1α/β, IL-6, TNFα, 
CXCL1/2/5/8, and CCL2

PDAC, CRC, 
and NSCLC

NF-κB activation Hamarsheh et al. (2020)

KrasG12D ↓ TGFA, TGFB, CXCL1, and 
CXCL2

NSCLC Increased infiltration of F4/80 MPO+, 
complement genes, Mrc1, and Csf1r 
↑ CCL2, IL-1β, and CCL4

Lasse-Opsahl et al. (2025)

GM-CSF and lactate CRC Reprogrammed TAMs IL-10+, TGF-β+, and 
CCL17+

Liu et al. (2021)

LK1B LKB1 loss ↑ IL-6, IL-8, and CXCL1/8 NSCLC ↑ Neutrophil recruitment 
↓ Type II–IFN signaling

Skoulidis and Heymach (2019), Li et al. 
(2021), Compton et al. (2023), and 
Koyama et al. (2016)

Nogales-Pons et al. Journal of Experimental Medicine 4 of 25 
Drivers of myeloid diversity in tumors https://doi.org/10.1084/jem.20252267 

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/223/4/e20252267/2028102/jem
_20252267.pdf by guest on 15 M

arch 2026



Liver kinase B1 (LKB1) is an upstream activator of AMPK and 
several kinases that play a key role in cell growth, metabolism, 
and polarity (Shackelford and Shaw, 2009). Inactivating muta
tions in LKB1 are found in 20% of NSCLC patients (Skoulidis and 
Heymach, 2019), and its loss induces proliferative advantage to 
cancer cells, as well as enhanced production of IL-6, IL-8, CXCL1, 
and CXCL8, which are associated with an increased neutrophil 
recruitment and a reduction of type II IFN signaling (Li et al., 
2021; Compton et al., 2023; Koyama et al., 2016). These alter
ations highlight LKB1 inactivation as a key regulator of myeloid 
recruitment and immune evasion.

BRCA1/2 mutations shape tumor immunity by modulating 
TAM and neutrophil populations, with BRCA1-deficient tumors 
showing STING-driven macrophage recruitment and BRCA2- 
null tumors harboring mixed pro- and anti-inflammatory TAMs. 
These myeloid alterations contribute to variable immune check
point responses and may be exploited to optimize targeted im
munotherapies. BRCA1 and BRCA2 are tumor suppressors 
involved in homologous recombination repair of DNA double- 
strand breaks, safeguarding genomic stability. Germline or so
matic loss-of-function mutations in these genes significantly 
increase susceptibility to breast and high-grade serous ovarian 
cancer (OC) (Li et al., 2022). In breast tumors, TAMs are a major 
component of the immune milieu (Mehta et al., 2021b). While 
estrogen receptor–positive (ER+) breast tumors show reduced 
TAM numbers, triple-negative breast cancer (TNBC) exhibits 
increased TAM diversity. Interestingly, ER+ breast cancers, once 
classified as “cold” or poorly infiltrated by immune cells, are now 
known to be heavily infiltrated by neutrophils, with estrogen 
signaling driving their recruitment and immunosuppressive 
functions. A population of neutrophil progenitors in ER+ tumors 
has been recently linked to higher tumor grades (Mukherjee 
et al., 2025). Mechanistically, succinate secreted by neutrophil 
progenitors disrupts homologous recombination and sensitizes 
tumors to PARP inhibitors (Mukherjee et al., 2025), revealing 
a potential immunomodulatory role for immature neutrophils 
(immNeus). In BRCA1-mutant TNBC, TAMs increase about 
10-fold compared with WT, driven by cytosolic DNA accumulation 
that activates the STING pathway, leading to CXCL9/10 secretion 
and macrophage recruitment (Mehta et al., 2021a). HR-deficient 
tumors, such as those with BRCA1/2 mutations, often present 
complex immune landscapes but tend to have lower clinical 
responses to immune checkpoint blockade (ICB). Brca2 null tu
mors show TAMs co-expressing both pro-inflammatory and 
immunosuppressive markers, while Brca1-deficient tumors ex
hibit a distinct TAM profile (Samstein et al., 2021). These dif
ferences in TAM subsets may influence ICB responsiveness, 
warranting further investigation into their contribution to tu
mor immunity in BRCA-mutant tumors. In OC, Brca1-mutant 
tumors exhibit increased infiltration of CD8+ T cells and con
ventional DCs (cDCs), enhancing immune responses via the 
CXCL9/10–CXCR3 axis (Ghisoni et al., 2025). In contrast, HR- 
proficient tumors have an immunosuppressive TME, with 
higher numbers of exhausted CD8+ T cells and TAMs. HR- 
deficient tumors with mutant Brca1 are characterized by an 
immune-inactive TME with increased TAM infiltration and el
evated cytokine levels (MIP-3β and TGF-β1/2), which promote 

T cell suppression (Iyer et al., 2021). Furthermore, TAMs ex
pressing C1QA/B/C, APOE, and TREM2 are enriched in benign 
fallopian tubes in BRCA1/2 mutation carriers, when compared 
with HR-proficient cases (Brand et al., 2024; Launonen et al., 
2022), which might contribute to the different clinical outcomes 
in OC. These studies underscore the critical role of BRCA muta
tions in shaping the immune landscape of tumors, with distinct 
TAM and neutrophil populations influencing therapeutic re
sponses. Further exploration of the immune microenvironment 
of BRCA-mutant tumors is essential for developing targeted im
munotherapies, potentially enhancing the effectiveness of im
mune checkpoint inhibitors and other treatments in OC.

The constitutive activation of the MAPK pathway (e.g., NrasG12D 

mutation) in HCC alters the TME by promoting the infiltration of 
immunosuppressive monocyte-derived Ly6CLO cells. Mechanis
tically, NRASG12D activates the MEK–ERK1/2–SP1 axis, leading to 
increased GM-CSF production, which drives myeloid cell accu
mulation. Blocking GM-CSF reduced inflammation, enhanced 
tumor cell death, and improved survival—particularly when 
combined with VEGF inhibition—suggesting a myeloid-targeted 
treatment strategy for genetically defined HCC subgroups 
(Ramirez et al., 2024). Abnormal activation of the MAPK pathway 
in melanoma disrupts the role of inflammatory monocytes in 
stimulating T cells, limiting immune response in the TME 
(Elewaut et al., 2025). These monocytes, which normally present 
tumor antigens to T cells, are suppressed by decreased type I IFN 
(IFN-I) and increased prostaglandin E2 (PGE2) due to MAPK ac
tivation. The study suggests that restoring IFN-I or blocking PGE2 
can reverse this immunosuppression, potentially improving re
sponses to immunotherapy in resistant tumors. Constitutive 
MAPK activation drives immunosuppressive myeloid accumula
tion, including Ly6CLO monocytes in HCC and dysfunctional in
flammatory monocytes in melanoma. Targeting MAPK-dependent 
cytokines or prostaglandin pathways can reverse this suppression 
and improve immunotherapy responsiveness.

In glioblastoma (GBM), isocitrate dehydrogenase (IDH) mu
tations are linked to a more aggressive phenotype, with in
creased infiltration of monocyte-derived macrophages (MDMs) 
(Karimi et al., 2023) and neutrophils (Maas et al., 2023) com
pared with IDH WT tumors. The myeloid TME also differs be
tween primary and metastatic brain tumors. In brain metastases 
(BrM), neutrophils show stronger inflammatory and immune- 
activating profiles than those in primary GBM, particularly in 
BrM from lung cancer (Maas et al., 2023). The immune land
scape of BrM further varies with the genetics of the primary 
tumor. For example, Trp53-mutant lung BrM show immuno
suppressive macrophages/microglia and pro-angiogenic, ROS- 
producing neutrophils, while breast cancer BrM arising from 
hypermutated tumors exhibit a pro-inflammatory environment 
with IFN-driven macrophage activation and alarmin-expressing 
neutrophils (Alvarez-Prado et al., 2023). Interestingly, neu
trophils derived from the skull (but not from peripheral blood) 
upregulate MHC II and can present local antigens to CD4 T cells 
in GBM, ultimately driving CD8 cytotoxicity and CD4 T cell 
memory (Lad et al., 2024), suggesting that the skull BM rather 
than long-BM might preferentially give rise to antigen-presenting 
neutrophils.
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While much of cancer research has focused on classical mu
tations in genes such as TP53 and KRAS, recent studies are un
covering a broader spectrum of somatic mutations—including 
those in DNMT3A, TET2, and among others—that shape the 
myeloid cell landscape in the TME. Clonal hematopoiesis of in
determinate potential (CHIP)—primarily associated with aging— 
drives mutations in epigenetic and DNA repair regulators, leading 
to the clonal expansion of hematopoietic stem cells (HSCs) with 
altered immune function, ultimately impacting disease progres
sion (Cai et al., 2025). CHIP mutations promote myeloid-biased 
differentiation, increasing neutrophil and macrophage output, 
which can release pro-inflammatory cytokines and influence tu
mor biology (Park et al., 2024). Recent studies have shown that 
TET2-and DNMT3A-mutant macrophages enhance tumor growth 
in NSCLC and GBM (Pich et al., 2025; Park et al., 2024; Buttigieg 
et al., 2025) and can also contribute to BRAF/MEK inhibitor re
sistance (Tiedje et al., 2024, Preprint). In humans and mice, Tet2 
deletion leads to the production of immNeus with reduced 
phagocytic capacity, enhanced ROS production (Huerga Encabo 
et al., 2023), and defective NET formation (Huerga Encabo et al., 
2023; Quin et al., 2024a). Conversely, PPM1D-mutant neutrophils 
enhance co-stimulatory CD8+ T cell activity, and Tet2-mutant 
macrophages exhibit enhanced pro-inflammatory and antigen- 
presenting programs in response to IFNγ (Herbrich et al., 2025). 
Interestingly, CHIP can also modulate ICB response in models of 
melanoma and pancreatic cancer (Herbrich et al., 2025) and enhance 
survival in NSCLC (Pich et al., 2025), showing the role of CHIP as an 
immunomodulatory program enhancer in myeloid cells. With its 
prominent role in shaping the TME by influencing myeloid secretory 
and functional phenotypes, the impact of CHIP mutations on 
stromal-tumor interactions is an emerging field that will present 
novel paradigms in tumor evolution. Collectively, oncogenic muta
tions and tumor suppressor losses -including PI3K, PTEN, KRAS, 
LKB1, BRCA1/2, MAPK, IDH, and CHIP-associated alterations- 
converge on common myeloid-modulatory programs. These genetic 
events orchestrate cytokine and chemokine networks that 
recruit, expand, and functionally polarize neutrophils and macro
phages, shaping immunosuppressive TMEs and influencing thera
peutic responsiveness across cancer types. Earlier studies focused on 
quantitatively measuring the myeloid cells recruited into tumors, yet 
how individual mutations affect myeloid cell function has only 
recently begun to be investigated. We propose that a deeper un
derstanding of each tumor’s genetic landscape will illuminate tumor- 
specific myeloid phenotypes that can inform the development of 
targeted immunotherapies. In the next section, we will examine how 
specific chemokines, cytokines, and survival signals orchestrate 
myeloid cell infiltration, and how factors such as vascular access and 
fibroblast-driven barriers further shape and establish spatially re
stricted niches for myeloid cell behavior within the tumor.

Niche-organizing hubs of myeloid-tumor 
communication
Follow the call: Key guiding factors orchestrating 
myeloid recruitment
The TME relies on soluble signaling molecules to orchestrate the 
recruitment, differentiation, and functional reprogramming of 

myeloid cells. Among these, chemokines and cytokines serve as 
central hubs, shaping both local immunity and tumor behavior. 
For instance, chemokines such as CCL2 and CCL5 play central 
roles in the recruitment of monocytes and macrophages. CCL2, 
also known as MCP-1, is overexpressed in multiple cancers, in
cluding breast, lung, and ovarian tumors (Yoshimura et al., 
2023; Arenberg et al., 2000; Negus et al., 1995), where it pro
motes infiltration of TAMs and natural killer (NK) cells and 
contributes to cachexia and immune evasion (Liu et al., 2024a; 
Kadomoto et al., 2021). Cancer-associated fibroblasts (CAFs) are 
a source of CCL2 in gastric cancer, enhancing TAM accumulation 
in a JAK-STAT–dependent mechanism (Lee et al., 2025). CCL5 
(RANTES), secreted by the tumor, CAFs, and myeloid cells 
(Thomas et al., 2019; Schlecker et al., 2012) interact with CCR5 
and other receptors to promote both pro- and anti-tumor ac
tivities (Schlechter and Stebbing, 2024). Elevated CCL5 enhan
ces EMT via Wnt/β-catenin and NF-κB signaling (Singh et al., 
2020), and its expression correlates with increased infiltration 
of NK cells, cytotoxic T cells, and immune-suppressive TAMs 
(Yang et al., 2020; Datar et al., 2016). In CRC, high CCL5 ex
pression is linked to increased expression of immune checkpoint 
regulators such as PD-1, PD-L1, and CTLA-4, facilitating transi
tion to an immune cold TME (Schlechter and Stebbing, 2024).

CXC chemokines, like CXCL1 and CXCL2, primarily attract 
neutrophils through the CXCR2 receptor, which is highly ex
pressed on this cell type (Hughes and Nibbs, 2018). Neutrophils 
can also secrete CXCL1, amplifying their own recruitment in a 
feedforward loop (Korbecki et al., 2023). In tumors like HCC and 
PCa, CXCR2+ neutrophils drive resistance to immunotherapy 
and androgen receptor blockade, and CXCR2 inhibitors have 
shown potential in preclinical mouse models and early clinical 
studies (Guo et al., 2023; Calcinotto et al., 2018). CXCL8 (also 
known as IL-8) is a key human neutrophil-attracting chemokine, 
crucial in infection and tissue injury response, and is highly 
upregulated in tumors via HIF-1α and NF-κB signaling (Korbecki 
et al., 2021), while endothelial and myeloid cells can also produce 
it (Waugh and Wilson, 2008), amplifying and fueling a pro- 
angiogenic and immunosuppressive loop. In breast cancer, IL-8 
drives EMT and invasion and facilitates the differentiation of 
immunosuppressive CD206+ TAMs, associated with poor prog
nosis (Qin et al., 2023; Haque et al., 2019). GM-CSF is produced 
by immune and tumor cells under stress, drives myelopoiesis, 
and enhances macrophage activation via JAK-STAT pathways 
(Zhan et al., 2019; Guthridge et al., 2006). Mobilization and ac
tivation of neutrophils is driven by G-CSF (CSF3) that stimulates 
granulopoiesis and leads to proliferation, maturation, and BM 
mobilization of neutrophils, promoting malignancy progression, 
metastasis, poor prognosis, and decreased overall cancer patient 
survival (Karagiannidis et al., 2021). M-CSF (CSF1) is a cytokine 
essential for the survival, proliferation, and differentiation of 
mononuclear phagocytes. Beyond its normal physiological role, 
the CSF1/CSF1R axis is often overexpressed in many tumors and 
is associated with poor prognosis (Lin et al., 2001). IL-1β is largely 
secreted by TAMs and neutrophils and induces expression of IL-6, 
IL-10, CSF1/2, and chemokines like CCL2 and CXCL1/2/3, sus
taining inflammatory and immunosuppressive programs (Caronni 
et al., 2023). In advanced PDAC, inflammatory IL-1β+ TAMs are 
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significantly enriched in patients due to local PGE2 expression by 
cancer cells, which perpetuate an inflammatory environment via 
TNFα that sustains IL-1β TAM, favoring PDAC progression and 
aggressiveness (Caronni et al., 2023). Its blockade via anakinra 
suppresses tumor progression and myeloid infiltration in models 
of prostate, lung, and breast cancer (Jiang et al., 2025a; Park et al., 
2024; Garner et al., 2025). TGF-β, primarily secreted by TAMs in 
hypoxic tumor zones, drives immune suppression and metastasis 
(Adrover et al., 2025). TGF-β modulates CXCR4 expression in 
monocytes, facilitating their recruitment and differentiation into 
perivascular macrophages (Arwert et al., 2018). Oncostatin M 
(OSM), a macrophage-derived IL-6 family cytokine, enhances pro
liferation, angiogenesis, and immune cell recruitment (Richards, 
2013; Hoagland et al., 2025). In tumor preclinical models, OSM 
signaling between myeloid cells and fibroblasts triggers the secre
tion of CXCL10, CXCL12, and CCL2, reinforcing myeloid infiltration 
and immune evasion (Araujo et al., 2022). Lastly, osteopontin (SPP1 
or OPN) has emerged as a hallmark of immunosuppressive TAMs 
across tumors in prostate, liver, colorectal, and head and neck 
squamous carcinoma (Lyu et al., 2025; Sheban et al., 2025; Bill et al., 
2023) and is often associated with hypoxia and fibrosis (Gao et al., 
2024; Bill et al., 2023). Interestingly, SPP1+ TAMs are associated with 
poorer clinical outcomes, whereas patients with higher levels of 
CXCL9-expressing TAMs had better outcomes, defining a probably 
oversimplified, but prognostically relevant framework for TAM 
phenotypes across cancers (Bill et al., 2023). SPP1+ TAM abundance 
correlates with poor prognosis, although in specific contexts like 
metabolic dysfunction-associated steatohepatitis, SPP1+ macro
phages may exert protective metabolic effects (Han et al., 2023). In a 
recent landmark study, TGF-β, IFN-β, and GM-CSF were identified 
as critical modulators of neutrophil phenotypic and functional ac
tivity in tissues and tumors (Cerezo-Wallis et al., 2025), highlighting 
how these cytokines can orchestrate context-dependent transcrip
tional programs that shape neutrophil effector functions. Together, 
these findings underscore the plasticity of neutrophils and reveal 
potential therapeutic avenues for modulating their function in in
flammatory disorders and cancer.

Altogether, chemokines and cytokines form a signaling net
work that governs the behavior of myeloid cells in tumors. Their 
multifaceted roles not only support tumor progression and im
mune evasion but also present promising therapeutic targets, 
particularly for combination strategies involving immune 
modulation and myeloid-directed interventions.

While most of these cytokines and chemokines play critical 
roles in myeloid cell survival and in orchestrating inflammatory, 
healing, and tissue regeneration processes, it remains unclear 
which of them, beyond CCL2 (Qian et al., 2011) and CSF1 (Lin 
et al., 2001), are essential for driving cancer progression. It also 
remains unresolved why tumors co-opt fundamental survival 
and recruitment factors, such as GM-CSF or M-CSF, and what 
advantages they gain in return from the organism-wide responses 
that these factors provoke (from local tumor recruitment to BM 
enhanced myelopoiesis). We speculate that these essential im
munomodulatory cytokines fuel systemic responses that, in turn, 
drive systemic disease and prime tissues beyond the local TME, 
potentially establishing pre-disease niches conducive to meta
static spread. In this scenario, tumor and TME-signaling levels 

may surpass normal homeostatic or even inflammatory ranges 
due to an expansion of the cell populations that produce them to 
affect the whole body systemically. It is also tempting to speculate 
that cytokines and chemokines are at the forefront of both cancer 
and regeneration programs and might bridge the immune sys
tem’s reparative functions within this paradigm.

Identifying their niche: Myeloid organization hubs 
within tumors
Spatial analysis of the TME has revealed the diverse localization 
and functional specialization of myeloid cells (Casanova-Acebes 
et al., 2021). This has been appreciated in early-stage tumors in 
which anti-tumoral ICAM-1 CD95+ stroma-associated neutrophils 
observed in human CRC (Vadillo et al., 2023) and in NSCLC (Peng 
et al., 2023) were enriched in genes associated with antigen 
presentation and IFN-stimulated pathways. High densities of 
clustered HLA-DRA+ neutrophils in the tumor core and margin 
are linked to better outcomes—especially in early-stage disease— 
while their specific spatial localization, including opposite effects 
at the margin, appears critical for tumor control and may influ
ence therapeutic response, supporting their potential targeting in 
neoadjuvant immunotherapy treatment settings (Marteau et al., 
2026). By contrast, late-stage tumors display a core enriched with 
neutrophils with mostly pro-angiogenic and lymphangiogenic 
phenotypes (Ng et al., 2024; Bui et al., 2024; Wang et al., 2023b; 
Peng et al., 2023; Enfield et al., 2024). In human TNBC, necrotic 
tumor areas are densely infiltrated by neutrophils (Adrover et al., 
2025). These necrotic zones create a hypoxic environment that 
induces tumor cells to express genes such as Hif1a, Vegfa, Cxcl1, 
and Ddit4, boosting metastatic programs. Within this context, a 
distinct subset of neutrophils with low Ly6C expression accu
mulates near necrotic areas, characterized by expression of genes 
involved in inflammatory responses and motility (e.g., Cyria, Dok1, 
Icam1, Itgax, and Itga4), but with downregulated innate immune 
and extravasation pathways. Mechanistically, these Ly6CLO 

neutrophils interact with tumor vessels through adhesion to fi
brin and basal membrane components, engage platelets, and form 
NETs, causing thromboinflammatory vascular occlusion that 
perpetuates necrosis in tumor cores. Importantly, tumor-derived 
CXCL1 orchestrates recruitment and production of these neu
trophils, linking their infiltration to tumor necrosis (Adrover 
et al., 2025). These examples suggest a mechanism by which 
tumors may co-opt anti-tumoral neutrophil programs as the 
disease progresses: early-stage tumors may contain anti-tumoral 
neutrophils with antigen-presenting capacity driven by IFN-I 
signaling, whereas overt metastatic tumors instead harbor highly 
motile neutrophils primed to enhance platelet interaction and 
promote vascular damage within hypoxic regions (Adrover et al., 
2025). These highly motile neutrophils may, in turn, promote 
dissemination from core tumor regions, as opposed to dissemi
nation from peritumoral areas, a process controlled by resident 
macrophages (Casanova-Acebes et al., 2021). We hypothesize that 
this shift is driven by peripheral, tumor-induced co-option of 
homeostatic granulopoietic programs in the BM.

In PDAC, neutrophils within tumors segregate into three main 
subsets with distinct markers and functional programs (Ng et al., 
2024). Immature T1 (Ly6G+CD101−dcTRAIL-R1−) neutrophils 
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exhibit high transcriptional and metabolic activity, including oxi
dative phosphorylation, while activated T2 (Ly6G+CD101+dcTRAIL- 
R1−) neutrophil subset expresses ROS and IFN-I–related genes. 
The most tumor-adapted subset, T3 (Ly6G+CD101−/+dcTRAIL-R1+), 
displays transcriptional signatures linked to hypoxia, angiogene
sis, and glycolysis, highlighting their pro-tumoral phenotype. 
Spatial mapping showed T3 neutrophils concentrate near necrotic, 
hypoxic, and glycolytic tumor regions, whereas T1 and T2 neu
trophils are distributed more peripherally within tumor stroma 
and peritumoral areas. This spatial arrangement reflects the dy
namic migration and metabolic adaptation of neutrophils as they 
infiltrate specialized tumor niches and undergo functional re
programming in response to local microenvironmental cues (Ng 
et al., 2024). Similar to the PDAC neutrophil T3 subset, ob
servations from the Pittet laboratory indicate that CCL3HI tumor- 
associated neutrophils accumulate in hypoxic tumor niches, where 
hypoxia induces CCL3 expression and sustains neutrophil survival 
through a CCL3-CCR1 feedforward autocrine loop that promotes 
terminal differentiation, senescence-like features, pro-tumor ac
tivity, and resistance to anti–PD-1 therapy, identifying this popu
lation as a conserved and clinically relevant pro-tumor TAN subset 
across human and murine solid tumors (Bolli et al., 2026) To
gether, these studies emphasize the critical role of neutrophil 
heterogeneity and spatial organization within tumors, showing 
how distinct subsets respond and adapt to microenvironmental 
factors such as hypoxia, necrosis, and chemokine gradients–par
ticularly those involving CXCL1/2–to promote tumor progression 
and immune modulation.

Neutrophils have emerged as candidates for cell-based ther
apeutic delivery owing to their exceptional motility and innate 
capacity to infiltrate necrotic or highly inflamed tumor regions. 
This tropism is driven by chemotactic cues present within hy
poxic tumor cores, allowing neutrophils to access sites that are 
often poorly reached by conventional therapeutics. Conceptu
ally, harnessing these cells as carriers for anti-tumor agents 
could enable more precise deposition of therapies deep within 
solid tumors, potentially disrupting pro-metastatic signaling 
niches and modifying the local TME in ways that limit disease 
progression. Although still at an early exploratory stage, this 
strategy highlights a broader trend toward leveraging the functional 
plasticity and navigational capabilities of myeloid cells for targeted 
intervention in otherwise inaccessible tumor compartments.

Neutrophils and macrophages exhibit a striking division of 
labor in PDAC that reflects their distinct developmental origins, 
spatial niches, and microenvironmental cues. CD163+LYVE1+ 

TRMs expand substantially during pancreatitis and PDAC, with 
embryonic-derived LYVE1HI TRMs driving fibrosis and tissue 
remodeling, while monocyte-derived LYVE1LO macrophages adopt 
more inflammatory and antigen-presenting functions (Baer et al., 
2023). Importantly, IL-1β expressing TAMs locate in highly vas
cularized inflamed and hypoxic regions in PDAC tumors (Caronni 
et al., 2023); hypoxic PDAC TAMs expressing Cxcl2, Slc2a1, Ero1l, 
and Bnip3 are enriched near necrotic tumor cores, while lipid- 
laden macrophages (LLMs) expressing Itgax, Cd36, Trem2, and 
Gpnmb are preferentially found in the periphery (Dunsmore et al., 
2024). In contrast, neutrophils segregate into T1–T3 subsets with 
metabolic and transcriptional specialization (Ng et al., 2024). 

Together, these findings reinforce the concept that PDAC relies 
on a coordinated myeloid division of labor: TRM compartments 
sculpt fibrotic and immunosuppressive architecture, whereas 
neutrophil subsets dynamically infiltrate and respond to meta
bolic and inflammatory gradients, amplifying tumor-promoting 
inflammation, immune exclusion, and metastatic potential.

In NSCLC, TAMs spatially redistribute during tumor pro
gression (Casanova-Acebes et al., 2021). In early-stage tumors, 
cancer cells are found close to TRMs expressing CD206 and 
CD169. However, in later stages, these TAMs relocate to the tumor 
periphery, forming granuloma-like structures. Similar redis
tributions of CD206+-resident macrophages have been observed 
in breast cancer (Linde et al., 2018; Laviron et al., 2022), mela
noma (Ray et al., 2025), and PDAC (Dunsmore et al., 2024). 
Analogously, in tumor models as the MMTV-PyMT breast cancer 
model, TAMs (F4/80+ CD11c+) localize near tumor nests, whereas 
MDMs (F4/80+ CD206+ CD169+) primarily surround the tumor 
margins (Saglimbeni et al., 2025). However, other areas can be 
found in the breast TME, showing LYVE1+ TAMs positioned 
adjacent to blood vessels, supporting angiogenesis, and LYVE1+ 

MDMs located near vessels and ECM-rich regions. In contrast, 
LYVE1− MDMs formed clusters around mammary ducts in naive 
tissue and, under tumoral conditions, localized predominantly in 
peritumoral regions (Saglimbeni et al., 2025).

In GBM, up to eight TAM states are localized in distinct an
atomical niches: microglia populate leading-edge areas (with 
also a microglia subset expressing glycoprotein non-metastatic 
melanoma protein B [GPNMB] localized in necrotic areas), while 
MDMs are phenotypically stratified into CCR2+ and Ki67+ MDMs 
close to the vasculature, while EB1+ and Ki67+ located in the leading 
edge (Kloosterman et al., 2024). GBM TAMs—also named LLMs to 
reflect their lipid accumulation—are epigenetically rewired, dis
play immunosuppressive features, and are enriched in the ag
gressive mesenchymal GBM subtype (Kloosterman et al., 2024). 
These TAM subsets include pre-activated microglia (P2RY12+) and 
MDMs (CCR2+), inflammatory TAMs expressing TNF-α and CD74, 
metabolically activated TAMs expressing GPNMB, and proliferat
ing TAMs characterized by Ki67 expression. Interestingly, a recent 
study identified four distinct myeloid immunomodulatory pro
grams within the brain TME by integrating single-cell and spatial 
transcriptomics with chromatin accessibility profiling (Miller 
et al., 2025). Notably, these functional states were not dictated by 
the type or origin of myeloid cells, nor by the tumor’s genetic 
landscape, but rather by local microenvironmental cues shaped by 
their spatial location within the tumor niche. In CRC, KRAS po
larization of neutrophils occurs at the tumor site, where IL1β- 
expressing neutrophils are found in clusters in close contact to 
IL1R1 fibroblasts expressing CXCL5, CXCL3, and CXCL1, promoting 
neutrophil recruitment via CXCR1/R2 (Marteau et al., 2026). Im
portantly, a phase I clinical trial with anakinra (inhibitor of IL-1RA) 
in combination with chemotherapy in CRC patients has recently 
been completed (Fleischmann et al., 2022), suggesting that tar
geting this pathway could dismantle these immunosuppressive 
hubs.

Using imaging mass cytometry to classify NSCLC tumors 
according to their histological subtypes—lung adenocarcinoma 
(LUAD) and lung squamous cell carcinoma (LUSC)—a recent 
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study mapped the complete immune infiltrate of these tumors. 
The study demonstrated that LUAD is more enriched in TAMs 
compared with LUSC, with CD163- macrophages showing a 
higher propensity to interact with regulatory T cells (Tregs) 
(Desharnais et al., 2025). In contrast, LUSC tumors were heavily 
infiltrated by neutrophils expressing the NET-associated marker 
cleaved histone H3. Given the recently described neutrophil 
functional heterogeneity in tumors (Ng et al., 2025b), it is 
plausible that specific neutrophil phenotypes or their spatial 
localization within the TME contribute to the therapeutic re
sponses observed in different histological NSCLC. It is tempting 
to speculate whether neutrophil–macrophage interaction net
works might control tumor fate transitions between LUAD and 
LUSC, for example, in NSCLC, and if such interactions can in
fluence treatment outcomes.

While evident in the current state of the art, it is still in
triguing to understand why so many immune cells—particularly 
those originating from the myeloid compartment—accumulate 
within solid tumors. A plausible explanation is that tumor cells 
undergo dynamic phenotypic shifts, which are mostly sensed by 
innate immune cells, ultimately generating microenvironmental 
TME-myeloid “pocked” niches. In this scenario, tumors may 
exploit innate immunity to establish spatially distinct signaling 
ecosystems: some of these niches may attempt to initiate repair- 
like responses, whereas others may instead favor tumor growth, 
metabolic rewiring, or immune evasion (Fig. 1 B). Specu
latively, tumor-derived factors (GM-CSF, M-CSF, IL-6, IL-1β, 
VEGF-A, and TGF-β) or fibroblasts (Marteau et al., 2026) could 
drive the recruitment, expansion, and reprogramming of myeloid 
cells. Chemokines such as CCL2, CCL5, CXCL8, CXCL12, and CXCL1 
likely generate chemotactic gradients that continuously recruit 
monocytes, neutrophils, and myeloid precursors into the tumor 
bed, while therapeutic interventions (chemotherapy, radio
therapy, and immunotherapy) may further amplify or constrain 
these remodeling programs. In glycolytic tumor regions, lactate 
accumulation can function as an immunomodulatory metabolite 
that skews myeloid cells toward tolerogenic, tumor-supportive 
phenotypes through metabolic and epigenetic reprogramming. 
TRMs may partially recapitulate developmental-like energetic 
programs—characterized by high glycolytic demand and lipid 
accumulation—linked to regenerative and wound-healing func
tions within a forming organ or tumor context.

Altogether, these signaling landscapes suggest that tumors do 
not passively attract myeloid cells but instead orchestrate a dy
namic, spatially heterogeneous dialogue with the innate im
mune system that resembles concurrent processes of growth, 
wound healing, unresolved inflammation, and organ-level re
modeling. Distinct microenvironmental niches—such as hypoxic, 
glycolytic, invasive-front, and perivascular regions—may there
fore select for specialized myeloid phenotypes (Fig. 1 B), including 
suppressive macrophages near T cell infiltration zones, pro- 
angiogenic neutrophils in hypoxic areas, and TRMs at inva
sive fronts, collectively shaping tumor progression, immune 
evasion, and therapeutic response.

We anticipate that within the coming years, studies leveraging 
CRISPR-based functional genomics screening methods combined 
with single-cell spatial transcriptomics—such as Perturb-seq 

(Dixit et al., 2016)—hold great promise. These technologies may 
enable a mechanistic blueprint of how tumor and stroma–myeloid 
interactions drive immune resistance (such as IL-10 signaling, PD- 
L1 upregulation, metabolic rewiring, or myeloid-mediated T cell 
exclusion) in situ, and uncover regulators of anti-tumoral myeloid 
phenotypes, including pathways associated with IFN-I responses, 
as well as transcriptional regulators such as STAT3, NF-κB, HIF- 
1α, and others that may operate in a context-dependent manner. 
Additionally, perturbation-based single-cell profiling can reveal 
temporal programs controlling transitions between inflamma
tory, tissue-repair, immunomodulatory, and immunosuppressive 
states—programs that are otherwise difficult to infer from static 
single-cell datasets—paving the way for more precise and durable 
immunotherapeutic strategies (Liu et al., 2024b; Yeh et al., 2024).

Tumor-tailored myelopoiesis: New roads for 
myeloid cell education in cancer
Hematopoiesis is a dynamic and tightly regulated process that 
sustains the lifelong production of blood and immune cells. In 
adult mammals, HSCs reside in BM niches alongside multipotent 
and lineage-committed progenitors, where they respond to both 
homeostatic needs and stress signals. HSCs are functionally 
heterogeneous: long-term HSCs (LT-HSCs) maintain self-renewal 
and multipotency, while short-term HSCs (ST-HSCs) are multi
potent but with limited self-renewal.

Upon activation, they give rise to multipotent progenitors 
(MPPs), which lack self-renewal but differentiate into all blood 
lineages. MPP subsets, defined by surface markers and lineage 
bias, include MPP2 (lymphoid-biased), MPP3 (myeloid-biased), 
and MPP4 (megakaryocyte-erythroid–biased) (Swann et al., 
2024). All these clonal populations can exhibit preferential ex
pansion in pathological contexts, such as cancer, and could ac
quire monoclonal or polyclonal developmental trajectories to 
give rise to tumor-infiltrating neutrophils, monocytes, and, even
tually, macrophages.

Neutrophil ontogeny
Neutrophil ontogeny in the BM proceeds through two major 
phases: specification and determination (Aroca-Crevillen et al., 
2024). During specification, granulocyte–monocyte progenitors 
(MPs) generate early proNeus, guided by transcription factors 
such as C/EBPα and GFI-1, which initiate primary granule for
mation and nuclear remodeling necessary for later lobulation 
(Evrard et al., 2018; Aroca-Crevillen et al., 2024; Qu et al., 2023). 
ProNeu1 cells exhibit high proliferative capacity but limited ef
fector function, whereas proNeu2 cells represent a transitional 
population toward preNeus. Under inflammatory conditions, 
proNeu1 can partially divert toward monocytic trajectories, re
flecting their ontogenic proximity to Ly6C− GMPs (Fig. 2). The 
transition to preNeus marks full commitment to the neutrophil 
lineage and depends on C/EBPε and GFI-1. At this stage, genes 
associated with effector functions (ROS production, phagocyto
sis, and chemotaxis) begin to be expressed, and secondary 
granules are formed. Neutrophils also initiate a metabolic shift 
toward increasing reliance on glycolysis, although significant 
metabolic plasticity persists (Kwok et al., 2020; Evrard et al., 
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2018; Karsunky et al., 2002). PreNeus differentiate into im
mNeus, characterized by a banded nucleus and open chromatin 
that supports high transcriptional activity. Notably, in tumor- 
bearing mice and cancer patients, CD117+ immNeus adapt met
abolically to maintain ROS production and T cell suppression 
despite glucose restriction, supporting the notion that oxidative 
neutrophils contribute to tumor progression (Hageb et al., 2025).

Final maturation into mature neutrophils is driven by C/EBPδ 
and SPI-1, accompanied by formation of tertiary granules, full 
acquisition of antimicrobial and inflammatory effector pro
grams, and regulation of CXCR4/CXCR2 expression that controls 
BM retention and release into circulation via the CXCL12 axis 
(Ganesh and Joshi, 2023). Mature neutrophils rely predomi
nantly on glycolysis and display the complete functional reper
toire required for innate immune defense.

Monocyte ontogeny
MPP3s give rise to the common myeloid progenitor (CMP), 
which generates the myeloid lineage. Monocyte differentiation 

follows two independent pathways (Yanez et al., 2017). The first 
involves CMP differentiation into GMPs (CD34+ CD16/32HI 
FLT3− CX3CR1−) regulated by C/EBPα in response to GM-CSF. 
GMPs lose granulocyte potential and give rise to MPs, with IRF8 
and PU.1 driving monocyte-specific gene expression in response 
to M-CSF (Rosenbauer and Tenen, 2007). The second pathway 
involves CMP differentiation into monocyte DC progenitors 
(MDPs; CD34+ CD16/32+ FLT3+ CX3CR1+), generating both DCs 
and monocytes via the common monocyte rogenitor (cMoP) (Ng 
et al., 2023). Both pathways produce Ly6C+ monocytes, with 
functional differences depending on their ontogeny (Yanez et al., 
2017). These pathways expand in response to different stimuli, 
such as LPS (bacterial infection) and IFNγ/CpG (viral infection) 
(Trzebanski et al., 2024). Notably, GMP-derived monocytes in
filtrate the brain, while MDP-derived monocytes are enriched in 
the lung (Trzebanski et al., 2024). Classical monocytes (Ly6CHI/ 
CD16+) differentiate into macrophages or DCs, while non- 
classical monocytes (Ly6CLO/CD16−) are involved in homeo
stasis and tissue repair, arising from classical monocytes via 

Figure 2. Emerging developmental trajectories for myeloid cells in cancer. (A) The first trajectory describes an increase in myeloid cell production 
(immNeus and monocytes) arising from GMPs, CMPs, and cMoPs. (B) In the myeloid trajectories shown in B, HSPC reprogramming occurs upon TI (BCG and 
β-glucan) and upon blockade of IL4R, IL1R, and with anakinra, giving rise to reprogrammed anti-tumoral myeloid cells. (C) In C, CHIP-mutated HSPCs can 
outcompete WT HSPCs (as in TET2 LOF) and rapidly generate myeloid cells. Other CHIP mutations (DNMT3A and PPM1D) coexist with WT cells and require 
either time (aging) or cytotoxic damage (chemotherapy) to facilitate expansion. HSPC differentiation trajectories driven by CHIP mutations, as well as the 
functions of myeloid cells harboring CHIP mutations, are only beginning to be appreciated. GMPs, granulocyte-MPs; NRF2, nuclear factor erythroid 2–related 
factor 2; Ag, antigen; LOF, loss-of-function.
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C/EBPβ (Yanez et al., 2017). Understanding these pathways and 
their reprogramming in pathological contexts, incorporating 
tumor genetics, requires advanced tools like fate-mapping, im
munophenotyping and single-cell transcriptomics. Elucidating 
how developmental myeloid pathways in the BM occur can in
form anti-tumoral developmental strategies worth exploring in 
cancer therapy.

Differentiated macrophage’s ontogeny
Differentiated macrophages found in tissues arise from two 
different origins. In steady-state conditions, TRMs derive from 
embryonic progenitors that colonize developing tissues and es
tablish a long-lasting population of resident macrophages, 
whereas MDMs arise from circulating monocytes that differen
tiate upon entry into tissues. Only recently has ontogeny been 
recognized as a driver of distinct functional specialization of 
macrophages within tissues, particularly in response to injury 
and disease (Park et al., 2022; Hochstadt et al., 2025; Bleriot et al., 
2024).

In cancer, these origin-dependent differences have been re
ported in GBM, where authors identified LLMs originating from 
both embryonic microglia and MDMs. Although both subsets 
adopt immunosuppressive phenotypes, MDMs undergo more 
pronounced chromatin-accessibility rewiring, highlighting their 
greater plasticity compared with developmentally imprinted 
embryonic macrophages (Kloosterman et al., 2024). Similarly, in 
PDAC, LYVEHI TRMs display homeostatic functions more closely 
related to ECM remodeling associated with tissue repair, whereas 
LYVELO MDMs preferentially activate inflammatory transcrip
tional programs. Interestingly, the tissue-maintenance and repair 
functions intrinsic to TRMs can be co-opted by tumor cells to 
promote tumor progression and aggressiveness (Zlotoff et al., 
2011). Another key example of this co-option is observed in 
NSCLC, where TRMs establish a supportive niche for tumor cells 
by inducing EMT and Treg expansion (Kloosterman et al., 2024) 
and dormancy (Dalla et al., 2024).

Together, these findings highlight the role of ontogeny in 
shaping tumor progression through multiple mechanisms. How
ever, understanding the role of resident macrophages across early 
tumor development, dissemination, dormancy, and relapse re
mains an evolving research area. Conceptually, a comprehensive 
view of the mechanisms that drive TRM survival, disappearance, 
and response to damage to different cancer therapies within tu
mors is still lacking.

Emergency myelopoiesis in cancer
Hematopoiesis is a highly dynamic process that can adapt im
mune cell production in response to peripheral demands. During 
acute inflammation, such as that caused by infection or cancer, 
this process is reprogrammed to meet the increased need for 
myeloid cells, a response known as emergency myelopoiesis (EM). 
Transcriptional, epigenetic, and metabolic programs that are in
active under homeostatic conditions are activated during EM to 
rapidly produce myeloid cells at the expense of other lineages 
(Swann et al., 2024). EM increased demand for innate immune 
cells in the TME is triggered by a range of activating signals. 
Among these, pro-inflammatory cytokines such as IL-1, IL-6, IL-8, 

and TNF-α play a key role in promoting HSC differentiation into 
MPP2 and MPP3 progenitors. Expansion of myeloid-biased MPP3 
is enhanced by tumor-secreted factors, including G-CSF, WNT, 
and β-catenin (Aliazis et al., 2024). Several preclinical mouse tu
mor models, including PDAC (Bayne et al., 2012), HCC (Ramirez 
et al., 2024), and breast cancer (Yonemitsu et al., 2022), demon
strated that elevated tumor-derived GM-CSF promotes enhanced 
myeloid cell production. Likewise, tumor-secreted G-CSF acti
vates STAT3 signaling and enhances myeloid cell survival, con
tributing to lung metastasis by upregulating pro-metastatic 
factors such as S100A8 and S100A9, as well as expanding GMP- 
lineage populations (Kowanetz et al., 2010). G-CSF and C/EBPβ are 
crucial regulators of granulopoiesis, and mice deficient in either 
factor show impaired granulocyte production under homeostatic 
conditions (Aliazis et al., 2024). Clinically, G-CSF is frequently 
administered to chemotherapy-treated patients experiencing 
neutropenia, highlighting its essential role in restoring neutro
phil levels (Ng et al., 2025b). In response to myeloid demand 
after depletion of a given population (neutrophils), MPP3s ex
pand at the expense of the HSC pool, suggesting that HSCs can be 
activated to generate an overproduction of myeloid-biased MPP3 
populations (Kang et al., 2020). Another potential mechanism 
promoting EM involves the reprogramming of lymphoid-biased 
MPP4s toward the myeloid lineage, a shift enhanced by IL-6 in 
the context of myeloid malignancies (Reynaud et al., 2011). Cell- 
extrinsic regulation of EM has also been observed. A secretory 
MPP3 subset biased toward GMP differentiation, producing IL- 
1α, TNFα, GM-CSF, and M-CSF, and activating PU.1, established a 
feedforward loop that accelerates myeloid lineage expansion 
(Kang et al., 2023). Interestingly, local IL-1α produced in lung 
tumor niches enhances myelopoiesis in the BM, leading to ac
cumulation of immunosuppressive myeloid progenitors (Park 
et al., 2024). A similar mechanism is observed in breast can
cer, where tumor-derived IL-1β promotes granulopoiesis via 
increased C/EBPα activity (Garner et al., 2025). In both cases, 
disrupting the IL-1 signaling axis normalizes aberrant myelo
poiesis (Fig. 2).

IL-4 produced in murine lung tumors drives additional mech
anisms that act on BM GMPs to preferentially promote monocytic 
over granulocytic differentiation (LaMarche et al., 2024). This 
remodeling of hematopoiesis is essential for tumor progression, as 
blocking IL-4 signaling in early MDM progenitors markedly re
duces lung tumor burden. These findings show that IL-4 from BM 
basophils and eosinophils programs myeloid progenitors toward 
immunosuppressive, tumor-promoting MDMs in NSCLC. Ac
cordingly, deleting IL-4Rα in GMPs or depleting basophils dimin
ishes tumor burden and restores myelopoiesis, while combining 
IL-4Rα blockade (dupilumab) with immune checkpoint inhibitors 
provides clinical benefit in resistant NSCLC patients.

EM can occur early during tumor progression. In MMTV-PyMT 
breast cancer mouse models, non-metastatic tumors drive mye
lopoiesis by expanding Lin−Sca-1+c-Kit+ HSC populations, partic
ularly MPP3 MPPs, while displacing LT- and ST-HSCs. This 
reprogramming is sustained, with HSCs from tumor-bearing 
mice upregulating myeloid genes such as Mpo, Cebpb, Elane, 
and Ctsg (Gerber-Ferder et al., 2023). Single-cell RNA sequencing 
(scRNA-seq) and ATAC-seq studies confirmed increased 
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chromatin accessibility for transcription factors like NFE2L2, 
STAT3, C/EBPβ, and C/EBPα in several tumor types, including 
NSCLC and HCC (Aliazis et al., 2024; Park et al., 2024; Hegde 
et al., 2024, Preprint).

Using a transgenic KEP (K14Cre; Cdh1fl/fl; Trp53fl/fl) mouse 
model of spontaneous invasive breast lobular carcinoma an ex
pansion of GMPs, pre-Neus, pro-Neus, and cMoPs, arising from 
an increased MPP3 pool was reported, providing evidence for 
tumor-driven myeloid skewing at the expense of the lymphoid 
and erythroid progenitor pool (Garner et al., 2025). Chromatin 
accessibility analysis of KEP BM showed enhanced activity of 
C/EBP and GATA family transcription factors, with a notable 
increase in Cebpa expression in GMPs, reinforcing myeloid lin
eage commitment. This myeloid bias is driven in part by IL-1β pro
duced by TAMs, which activates a downstream pro-inflammatory 
and immunosuppressive signaling cascade (Wellenstein et al., 2019; 
Park et al., 2024). Hematopoietic stem and progenitor cells (HSPCs), 
which express the IL-1R1 receptor, respond to IL-1β by upregulating 
genes such as Cebpa, Saa3, and Wfdc17, further promoting myeloid 
skewing. Notably, this bias is reversible, as anti-IL-1β treatment 
reduces chromatin accessibility in GMPs, restores neutrophil mat
uration, and shifts their phenotype toward a less immunosuppres
sive state, characterized by increased CD101 expression and 
decreased expression of cKIT on circulating neutrophils (Garner 
et al., 2025).

Further exploration in BM reprogramming recently showed 
how lung tumors promote EM by activating Nfe2l2 (NRF2) in 
myeloid progenitors, thereby enhancing their resistance to ox
idative stress while suppressing IFN response and promoting the 
generation of immunosuppressive MDMs. Genetic deletion or 
pharmacological inhibition of NRF2 in tumor-bearing mice re
duced MDMs survival, restored NK and T cell–mediated anti- 
tumor immunity, and improved the effectiveness of ICB therapy 
(Hegde et al., 2025).

While all these studies clearly demonstrate a shift in hema
topoiesis toward myeloid overproduction in solid tumors, the 
underlying mechanism driving this expansion—whether through 
hyperactivation of homeostatic developmental myelopoiesis or 
through alternative, tumor-induced differentiation pathways— 
has not been fully elucidated.

Modulation of EM, including therapeutic targeting of IL- 
1β signaling, has emerged as a potential strategy in inflammation- 
driven hematologic states, particularly in clonal hematopoiesis 
(Hosseini and Chan, 2025). Inflammatory cues are central regu
lators of HSC activation, lineage bias, and mutant-clone fitness, 
and their dysregulation contributes to sustained myeloid skewing 
and expansion of inflammation-adapted clones (Swann et al., 
2024). Interventions directed at these pathways may therefore 
attenuate downstream consequences of inflammatory clonal ex
pansion. However, prolonged suppression of inflammatory sig
naling also carries biological risks, as chronic perturbation of 
cytokine-mediated stress responses can promote functional ex
haustion within HSC-derived compartments and accelerate pro
genitor attrition (Wadley et al., 2025; Cervantes-Silva et al., 2022). 
In addition, systemic blockade of key inflammatory cytokines may 
impair the physiological maturation and antimicrobial compe
tence of myeloid lineages, potentially increasing susceptibility to 

infection during treatment. Accordingly, these biological consid
erations must be carefully integrated across oncological patients 
from different age groups, given the central role of the myeloid 
compartment in organismal aging and the recognition of hema
topoietic tissue as a key target for rejuvenation strategies 
(Andersson et al., 2025).

Epigenetic and metabolic reprogramming of the BM: 
Trained immunity
The traditional view that memory is exclusively a feature of 
adaptive immunity has been expanded to include the innate 
immune compartment, a phenomenon known as trained im
munity (TI). TI refers to the long-term functional reprogram
ming of innate immune cells that enhances their response to 
subsequent challenges. Conceptualized by Netea et al. (2011) and 
refined in 2016 (Netea et al., 2016), TI is driven by transcrip
tional, epigenetic and metabolic changes that occur after an 
initial exposure to a stimulus, preparing the immune system for 
a more robust secondary response (Dominguez-Andres and Netea, 
2019). In TI, innate immune cells undergo significant reprogram
ming, often switching toward glycolysis, and enhancing cytokine 
production and heightened effector functions.

Bacillus Calmette-Guérin (BCG) and β-glucan are frequently 
used in TI studies. BCG, an attenuated Mycobacterium bovis 
vaccine used against tuberculosis, has recently shown thera
peutic benefits in cancer treatment and has been successfully 
used in the management of non-muscle invasive bladder cancer 
(Miyake et al., 2022; Morales et al., 1976). Additionally, intra
dermal and subcutaneous BCG administration enhanced local 
anti-tumor T cell responses in melanoma (Nishida et al., 2019; 
Kremenovic et al., 2020), CRC (Nishida et al., 2019), and NSCLC 
(Nishida et al., 2019). In these studies, myeloid cells showed 
increased production of pro-inflammatory cytokines, such as 
TNF-α, IL-6, IL-12, and IL-1β, together with enhanced pathogen 
killing capacity and ROS production.

β-glucan, a yeast-derived polysaccharide (Khan et al., 2025; 
Moorlag et al., 2020), is another powerful inducer of TI and 
shows promise as an anti-tumoral therapy. Several studies 
demonstrated that β-glucan induces epigenetic modifications in 
human monocytes, such as increased histone acetylation (H3K27ac 
mark), which facilitates chromatin remodeling and activation of 
anti-tumoral and antibacterial pathways (Tarancon et al., 2020). 
These changes result in heightened pro-inflammatory cytokine 
production (e.g., IL-6 and TNF-α) and a shift toward glycolytic 
metabolism, with decreased oxygen consumption and extracellu
lar acidification (Moorlag et al., 2020).

The long-term memory ascribed to the impact of TI re
programming in HSCs and myeloid progenitors not only ensures 
transmissible trained progeny but also influences myeloid dif
ferentiation pathways in the BM (Fig. 2), directly shaping the 
immune response in cancer. Concrete examples of how TI affects 
myeloid progeny can be found in both neutrophils and macro
phages. As such, TI-GMP reprogramming was first demon
strated in melanoma models, where long-lived BM progenitors 
generate IFN-I–trained neutrophils with enhanced IFN-I re
sponse, degranulation, and ROS production, producing a trans
missible anti-tumor phenotype that contributes to tumor growth 
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suppression independent of B and T cell immunity (Kalafati 
et al., 2020). A similar phenotype for trained neutrophils has 
recently been reported in a study that explored whether the 
adjuvant β-glucan can reprogram innate immunity to protect 
against influenza A virus (IAV) infection (Khan et al., 2025). This 
protection relies on a population of immNeus recruited to the 
lungs via RORγ+ T cells. β-glucan induced systemic reprogram
ming of HSPCs via IFN-I–signaling, generating regulatory neu
trophils with enhanced mitochondrial oxidative metabolism and 
IL-10 production. The protective effect of trained macrophages 
derived from CCR2+ interstitial macrophages (IMs) has also been 
explored. Trained BM-derived IMs were enriched in phagocytic 
genes (such as Rap1 and Sirpa), as well as exhibiting increased 
mitochondrial ROS production. This reprogramming enabled 
IMs to gain enhanced phagocytic, cytotoxic, and enhanced ex
pression of co-stimulatory molecules (CD80 and CD86) and an
tigen presentation, reinforcing anti-tumoral effects (Ding et al., 
2023). The authors also reported similar results in preclinical 
mouse models of breast cancer development. Whole glucan 
particle–treatment in adjuvancy (posttumor resection) showed 
improved survival outcomes and reduced metastasis in ortho
topic and K-rasLA1 GEMM model. Trained BM-derived monocytes 
and macrophages also infiltrate efficiently in dense stromal 
TME—as seen in PDAC—and directly kill tumor cells alone or 
combined with anti-PD1 ICB (Woeste et al., 2023; Geller et al., 
2022).

Local TI can also be acquired by resident cells, as exemplified 
by trained alveolar macrophages following viral infection. IAV- 
exposed resident alveolar macrophages (Wang et al., 2023c) 
showed enhanced phagocytic and tumor cytotoxic functions in 
B16 and 4T1 preclinical mouse models of lung metastasis. These 
trained anti-tumoral functions seen in alveolar macrophages are 
dependent on IFNγ and NK cells. Similarly, β-glucan and IFNγ- 
stimulated macrophages and neutrophils induce regression of 
metastatic OC through an IL-27–dependent mechanism, en
hancing CD8+ T cell activation and supporting myeloid-centric 
immunotherapy (Murphy et al., 2024).

Interestingly, the role of influenza or other viral infections, 
such as SARS-CoV-2, has gained attention because of recent 
findings showing IL-6–dependent exit from dormancy in dis
seminated tumor cells in breast cancer models (Chia et al., 2025). 
The authors analyzed clinical data to determine whether cancer 
survivors had a higher risk of cancer-related death after SARS- 
CoV-2 infection. Patients who tested positive nearly doubled their 
risk, highlighting the potential detrimental impact that previous 
inflammatory challenges can impose on organs and predisposi
tion to lung metastasis. How this initial viral challenge might have 
impacted long-term reprogramming of HSPC and its causative 
effects on long-term immunity remains to be determined.

Epigenetic and metabolic reprogramming represent a new 
frontier in innate immune memory, demonstrating how myeloid 
cells can be reprogrammed to boost anti-tumoral responses. 
Combining TI inducers with ICB has been shown to induce po
tent anti-tumor immunity and reduce tumor burden, including 
in models of ICB-resistant tumors (Geller et al., 2022; Priem 
et al., 2020) Despite significant progress in TI and cancer im
munotherapy, important questions remain, for example, the 

intensity and durability of TI, how different routes of adminis
tration (e.g., intravenous versus intradermal/subcutaneous) al
ter the magnitude and quality of training, and the optimal 
timing/sequence for inducing TI relative to time-dependent re
sponses to ICB (as discussed below).

CHIP reprogramming of hematopoiesis
Understanding how clonal expansion alters hematopoiesis is key 
to elucidating the role of CHIP in disease and tissue dysfunction. 
Competitive HSC transplantation studies showed that TET2 and 
DNMT3A mutations confer increased self-renewal (Ostrander 
et al., 2020), and aging hematopoiesis becomes increasingly 
reliant on dominant clones, often carrying these mutations 
(Rodrigues et al., 2021; Mitchell et al., 2022; Spencer Chapman 
et al., 2024). DNMT3A mutations tend to arise early and expand 
gradually, while TET2 mutations can occur later and continu
ously generate altered immune cells (Fabre et al., 2022), potentially 
shaping long-lived lineages and reducing immune non-mutated 
diversity. A hallmark of CHIP is its promotion of a chronic 
inflammatory state (Fig. 2).

Mutant HSCs and their progeny activate inflammatory sig
naling (Jakobsen et al., 2024; Heimlich et al., 2024) and secrete 
cytokines like IL-1β, TNF-α, and IL-6 (Belizaire et al., 2023), 
which enhance the expansion of myeloid-biased progenitors 
(e.g., GMPs) and reinforce the pro-inflammatory loop (Balandran 
et al., 2023). This environment facilitates further clonal expan
sion: TNF-α boosts Tet2- and Dnmt3a-mutant HSCs (Abegunde 
et al., 2018; SanMiguel et al., 2022; Quin et al., 2024b), IL-6 pro
motes DNMT3A-mutant HSC growth (Zioni et al., 2023), and IL- 
1α drives proliferation in Tet2-deficient cells (Caiado et al., 2023). 
IL-1α secretion after DNMT3A inhibition also enhances myelo
poiesis and aging features (Park et al., 2024). These findings 
suggest that aging selects for clones with enhanced fitness under 
inflammatory stress (Schleicher et al., 2024). Indeed, in humans, 
DNMT3A- and TET2-mutant HSCs exhibit a reduced inflamma
tory response compared with WT HSCs within the same sample, 
which might indicate that fitness is gained through desensitiza
tion of mutated cells to a harsh inflammatory environment 
(Jakobsen et al., 2024).

Rather than passive bystanders, CHIP-mutant clones actively 
reshape the BM niche to support their survival. Beyond self- 
renewal, CHIP skews lineage output—particularly TET2 muta
tions, which drive a myeloid bias at the expense of lymphoid 
lineages (Fabre et al., 2022; Jakobsen et al., 2024)—reducing 
immune competence.

While similar mechanisms are well established in acute 
myeloid leukemia (Miraki-Moud et al., 2013; Jager et al., 2021), 
CHIP may also impair erythropoiesis (Vlasschaert et al., 2022). 
Age-related immune decline features increased myelopoiesis 
and reduced lymphoid output (Rodrigues et al., 2021). Mouse 
models show that depleting myeloid-biased HSCs restores anti
viral immunity (Ross et al., 2024), suggesting that competition 
between lineages may drive immune dysfunction in CHIP car
riers. Moreover, CHIP-associated lymphoid progenitor loss may 
limit thymic regeneration after irradiation (Zlotoff et al., 2011), 
potentially accelerating thymic involution and adaptive immune 
decline.
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In summary, CHIP-associated mutations foster a pro- 
inflammatory BM environment that favors mutant clone ex
pansion, survival, and lineage bias. These changes overlap with 
hallmarks of immunosenescence, supporting the idea that CHIP 
contributes to immune aging and may promote premalignant or 
pre-metastatic niche formation.

Time-dependent modulation of myeloid 
plasticity: A matter of a day
Circadian rhythms (CRs) are 24-h biological oscillations that 
synchronize physiological processes with environmental cues 
such as light and temperature. These rhythms are governed by 
cell-autonomous molecular clocks, primarily through a tran
scriptional−translational feedback loop involving the core clock 
proteins BMAL1 and CLOCK, which regulate the expression of 
clock-controlled genes. Their activity is modulated through 
negative feedback by PER and CRY proteins, and further fine- 
tuned by nuclear receptors such as REV-ERBs and RORs, forming 
interconnected regulatory loops (Mackey and Golden, 2007). 
CRs are coordinated both centrally by the suprachiasmatic nu
cleus, which is entrained by light, and peripherally through 
clocks in tissues, including immune cells, which respond to 
systemic cues, such as feeding, hormone levels, and metabolism. 
This multilayered synchronization ensures that immune and 
cellular responses are temporally aligned with daily environ
mental changes, conferring evolutionary advantages by opti
mizing immune readiness and maintaining homeostasis.

Cell-intrinsic circadian programs in myeloid cells
Disruption of CRs can lead to desynchronization between sys
temic and cellular processes, particularly affecting immune cells 
such as myeloid cells (Fig. 3). This may lead to aberrant in
flammation, impaired immune surveillance, and increased sus
ceptibility to diseases, including cancer. Recent advances in 
circadian biology demonstrated that macrophages and neu
trophils possess intrinsic molecular clocks that regulate their 
functions. In macrophages, BMAL1 and its repressors coordinate 
fundamental immune processes, including phagocytosis, cyto
kine production, and ROS generation. Loss of BMAL1 function 
impairs these responses, resulting in defective pathogen clear
ance, increased susceptibility to sepsis, and signs of accelerated 
immunosenescence (Shim et al., 2024; Early et al., 2018; Li et al., 
2025).

Clock epigenetic regulators such as REV-ERBα/β modulate 
enhancer activity and gene expression of immune-related genes 
like Saa1, Nrf2, Mmp9, and Cx3cr1 (Lam et al., 2013; Shim et al., 
2024; Early et al., 2018), which in turn, modulate inflammasome 
activation and ROS production (Kou et al., 2022), among others. 
In cDCs, for example, cell-intrinsic clocks also play a crucial role 
in regulating immune activation. Recent studies highlight that 
BMAL1 in cDCs govern the circadian timing of co-stimulatory 
molecule expression (e.g., CD80), antigen processing, and, ulti
mately, T cell priming and anti-tumor immunity (Ince et al., 
2023; Cervantes-Silva et al., 2022; Wang et al., 2024a). These 
findings underscore that the cDC clock is not a passive time
keeper, but an active regulator of immune competence in 

contexts such as vaccination and cancer immunotherapy (Wang 
et al., 2023a).

However, whether similar transcriptional programs are main
tained in other myeloid subsets more abundant within tumors such 
as macrophages and neutrophils remain unclear. In neutrophils, 
circadian clocks orchestrate both their abundance in tissues and 
their functional states. PER2 (a BMAL1 repressor) is essential for 
ROS production and bacterial killing by promoting infection- 
induced expression of the alarmin hmgb1a. This regulation is me
diated through a conserved cis-regulatory element that contains 
binding motifs for both BMAL1 and NF-κB, enabling hmgb1a ex
pression specifically during the light phase in response to infection 
(Du et al., 2025). A neutrophil-clock intrinsic program enabled 
these cells with the ability of eliminate pathogens and counterbal
ance their blood vessel protection. BMAL1-regulated expression of 
the chemokine CXCL2 induces chemokine receptor CXCR2- 
dependent diurnal changes in the transcriptional and migratory 
properties of circulating neutrophils. These diurnal alterations, 
referred to as neutrophil aging, were antagonized by CXCR4 and 
regulated the outer topology of neutrophils to favor homeostatic 
egress from blood vessels at night, resulting in boosted antimi
crobial activity in tissues. Mice engineered for constitutive neu
trophil aging (CXCR4-deficient) became resistant to infection, but 
the persistence of intravascular aged neutrophils predisposed 
them to thromboinflammation and death. Thus, diurnal com
partmentalization of neutrophils, driven by an internal timer, 
coordinates immune defense and vascular protection (Adrover 
et al., 2019).

Circadian immune checkpoints and therapeutic opportunities
Neutrophil aging, a process marked by downregulation of CD62L 
and upregulation of CXCR4, promotes their own clearance through 
homing to the BM (Casanova-Acebes et al., 2013). Neutrophils 
exhibit circadian alterations in granule content, nuclear mor
phology, and NETs formation, with peak antimicrobial activity at 
the mouse resting phase coinciding with daily variations in NET 
release (Adrover et al., 2019; Adrover et al., 2020). Because aged 
neutrophils can drive severe vascular inflammation (Adrover 
et al., 2019), accumulate in metastatic breast and melanoma 
mouse models, and enhance liver metastasis (Peng et al., 2021), 
manipulation of the circadian neutrophil timer holds clear clinical 
relevance. For instance, targeting receptors involved in neutrophil 
clearance—such as CXCR4—could offer novel therapeutic strate
gies for a wide range of neutrophil-driven conditions, including 
infections, cardiovascular diseases, inflammatory disorders, and 
cancer. As such, a recent study showed that CXCR4+ LOX1+-im
munosuppressive neutrophils impair the efficacy of anti–PD-1 
therapy in gastric cancer (Qian et al., 2025). This study showed 
that a CXCR4 partial agonist (TFF2-MSA) selectively reduces 
CXCR4+-immunosuppressive neutrophils, reprograms gran
ulopoiesis, and restores anti-tumor immunity when combined 
with PD-1 blockade. These results are consistent with the work by 
Aroca-Crevillén et al. in which the authors showed that circadian 
regulation of neutrophil activity is a key determinant of inflam
matory tissue injury. The authors demonstrate that periods of 
natural tissue protection coincide with peaks in the chemokine 
CXCL12, which inhibits the neutrophil-intrinsic clock via CXCR4 
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signaling (Aroca-Crevillén et al., 2025). Both genetic and phar
macological activation of CXCR4 prevent harmful diurnal spikes of 
inflammatory injury by repositioning neutrophils away from 
healthy tissue, without suppressing their overall number or anti
microbial functions. Importantly, these findings identify a circa
dian immune checkpoint mediated by CXCR4 that can be targeted 
pharmacologically to protect host tissues. Based on this mecha
nism, pharmacological CXCR4 agonists could be explored as a 
strategy to prevent or reduce immune-related adverse events 
(irAEs) in cancer immunotherapy. By limiting the collateral 
damage caused by neutrophil-driven inflammation without com
promising antimicrobial defense, this approach may help mitigate 
side effects associated with ICB and other immunotherapies, im
proving patient safety and therapeutic outcomes. Interestingly, 
neutrophil signaling can also be exploited to promote anti-tumoral 
phenotypes in these cells. Recent findings showed that targeted 
deletion (using STAT3 antisense oligonucleotide) or inhibition of 
STAT3 signaling in neutrophils reprograms them toward an anti- 

tumoral phenotype (with enhanced expression of MHCII, CD80 
and CD86, and ICAM1), enhancing cytotoxic CD8+ T cell responses 
and significantly reducing tumor growth and metastasis in mouse 
models (Ozel et al., 2025). These findings, supported by patient- 
derived tumor explants, suggest that neutrophil-specific STAT3 
inhibition represents a promising therapeutic strategy to improve 
cancer immunotherapy outcomes, which might also illuminate 
anti-tumoral or inflammatory programs in neutrophils controlled 
by BMAL1. Neutrophil trafficking follows circadian patterns, and 
accumulating evidence suggests they can entrain local circadian 
programs in peripheral tissues and possibly within tumors 
(Casanova-Acebes et al., 2018). For example, neutrophils regulate 
the rhythmic activity of the BM niche and the transcriptional 
profile of lung tissue, influencing HSCs egress and metastatic 
seeding (Casanova-Acebes et al., 2013, 2018). Neutrophil infiltra
tion into the liver has been linked with increased expression of 
Bmal1 and Clock, as well as enhancing hepatocyte metabolic activity 
(Crespo et al., 2020), suggesting that neutrophils can per se set 

Figure 3. BMAL1-dependent tumor programs in myeloid cells. Loss of BMAL1 disrupts key functional programs in neutrophils and macrophages, as well as 
within the TME, underscoring the critical role of CRs in regulating both pro- and anti-tumoral myeloid responses. Neus, neutrophils.
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temporal windows in tissular activity. These data collectively 
highlight that cell-intrinsic clocks in myeloid cells are not only 
essential for innate immunity but may also influence broader 
aspects of tissue homeostasis and tumor progression.

Circadian clocks regulate antigen presentation in DCs and 
phagocytosis in macrophages under steady-state conditions 
(Kitchen, 2020; Cervantes-Silva et al., 2022), suggesting a tem
poral layer of immune regulation that can enhance T cell prim
ing. In line with this, TAMs in the B16 melanoma model exhibit a 
more inflammatory phenotype during the active phase in mice 
(Aiello et al., 2020), accompanied by increased CD4+ and CD8+ 

T cell tumor infiltration and reduced CD8+ T cell exhaustion 
(Wang et al., 2024b). Conversely, circadian disruption through 
chronic jet lag in a breast cancer GEMM (MMTV:PyMT) in
creases TAM abundance, reduces CD8+ T cell infiltration, and 
promotes lung metastasis (Hadadi et al., 2020). Mechanistically, 
BMAL1 loss in myeloid cells impairs mitochondrial function, 
increases ROS production via HIF1α activation, and drives a 
metabolic shift toward glycolysis and amino acid catabolism. 
Pharmacological inhibition of mitochondrial complex II with 
dimethyl malonate reduces ROS and HIF1α accumulation 
(Alexander et al., 2020), limiting tumor growth and potentially 
reprogramming these macrophages. Beyond the myeloid com
partment, BMAL1 depletion in transformed epithelial cells in a 
CRC GEMM promotes myeloid cell accumulation, impairs CD8+ 

T cell immunity, and increases PD-L1+ myeloid cells in a time-of- 
day–dependent manner. Notably, anti–PD-L1 blockade is more 
effective when administered during the active phase in CRC, lung 
cancer, and melanoma models (Fortin et al., 2024). Collectively, 
these studies position BMAL1 circadian-controlled programs as an 
immunometabolic checkpoint linking circadian control of mito
chondrial metabolism, redox balance, and anti-tumor immunity.

Chrono-immunotherapy: Timing matters
CRs additionally shape the efficacy of cancer therapies by 
modulating drug metabolism, immune cell function, and tumor 
cell sensitivity. The timing of treatment administration affects 
pharmacokinetics and therapeutic outcomes due to rhythmic 
expression of enzymes and transporters involved in drug pro
cessing (El-Tanani et al., 2024). ICB and CAR–T cell therapies 
show significant time-of-day variation in both experimental 
models and clinical outcomes (Landre et al., 2024; Qian et al., 
2021; Tsukaguchi et al., 2025; Wang et al., 2024b; Fortin et al., 
2024). For a more in-depth discussion of current clinical trials 
evaluating the impact of administration timing in immuno
therapy, readers are referred to excellent reviews (Pick et al., 
2024; Karaboue et al., 2024). Notably, patients who receive im
munotherapy in the morning (before 4 p.m.) exhibit longer 
progression-free survival (PFS) and overall survival (OS) com
pared with those treated later in the day (Vander Velde et al., 
2020). Furthermore, in a retrospective multicenter study of 
unresectable NSCLC patients treated with first-line pem
brolizumab, early morning administration of the first infusion 
(≤11 a.m.) was associated with significantly improved OS but also 
a higher rate of severe irAEs. The authors suggest that the timing 
of the initial checkpoint inhibitor dose may be a simple, clinically 
relevant variable that warrants prospective validation (Tsukaguchi 

et al., 2025). Furthermore, the first prospective randomized clinical 
trial evaluating the immune and clinical impact of early versus late 
time-of-day administration of anti–PD-1 therapy has recently been 
reported (Huang et al., 2026). In patients with stage III–IV NSCLC, 
peripheral blood immune profiles were assessed longitudinally by 
flow cytometry at baseline and after the second and fourth treat
ment cycles. Early administration was associated with increased 
circulating CD8+ T cell levels, whereas a decline was observed in 
patients receiving late administration. Consistently, the ratio of 
activated (CD38+HLA-DR+) to exhausted (TIM-3+PD-1+) CD8+ T cells 
was higher in the early treatment group. Importantly, these im
munological changes translated into improved clinical outcomes: 
median PFS was 11.3 versus 5.7 mo, and median OS was 28.0 versus 
16.8 mo for early versus late administration, respectively. 
Treatment-related adverse events were consistent with the known 
safety profile, with no new safety signals observed. Together, this 
study provides the first clinical evidence that early administration 
of ICB is associated with improved patient survival, likely through 
enhanced anti-tumor CD8+ T cell immunity. These findings support 
consideration of time-of-day as a relevant variable in clinical 
practice and suggest that administering ICB during early hours may 
improve outcomes without compromising safety. However, several 
challenges may limit immediate clinical implementation. Priori
tizing early-day infusions (e.g., before noon), in alignment with 
individual active phases, could strain hospital logistics, particularly 
when ICB is administered alongside other therapies requiring co
ordinated delivery and nursing follow-up, such as chemotherapy. 
In addition, understanding the “optimal” basal chronotype for pa
tients to benefit for timed of administration of ICB should be further 
understood. Equally, the timing of diagnostic biopsies should be 
reported in publications, as immune infiltration status (“hot” versus 
cold tumors) varies depending on the time of sample collection and 
could lead to misclassification or not valid immune and effector 
function interpretations. Finally, there are currently no clinically 
accessible biomarkers to determine individual chronotypes and 
guide personalized treatment timing. Nevertheless, coordinated 
efforts combining preclinical studies—allowing deeper mole
cular exploration for biomarker identification—and validation 
in human cohorts may enable the development of clinically 
useful, easy-to-implement biomarkers to capture individual 
circadian profiles and support future time-tailored therapies.

Unexpectedly, a study described a specialized population of 
neutrophils in the skin that extends beyond their traditional 
microbicidal functions by producing ECM components, includ
ing collagen (Vicanolo et al., 2025). These neutrophils contribute 
to the structural reinforcement and mechanical stability of the 
skin barrier, protecting against bacterial invasion and foreign 
molecules. Upon injury, they form matrix “rings” around wounds, 
which act as physical shields that support healing and prevent 
infection. This matrix production by neutrophils is regulated by 
TGF-β signaling and follows a CR, with matrix deposition peaking 
at night, optimizing skin defense and repair functions. This work 
shows that certain neutrophils produce a dense ECM that can 
physically block T cells from entering the tumor, reducing their 
ability to attack cancer cells. This ECM barrier may contribute to 
resistance against ICB therapies. Thus, targeting pathways like 
TGF-β, which drive ECM production in these neutrophils at a 
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given time, could help improve T cell infiltration and enhance the 
effectiveness of ICB, particularly in skin cancers or metastases 
where these neutrophils are common. As shown, these effects are 
likely driven, at least in part, by circadian regulation of immune 
cell trafficking, effector function, and tissue-specific inflamma
tion. Specifically, myeloid cell maturation, migration, and meta
bolic fitness may be temporally gated to enhance therapeutic 
efficacy when treatment aligns with periods of heightened im
mune activity.

Given the central role of CRs in regulating tissue metabolism, 
it is conceivable that these clocks orchestrate temporally dy
namic transcriptional programs in tumor-associated myeloid 
cells. Environmental cues such as hypoxia, IL-1β, PGE2, and lipid 
availability shape the functional state of TREM2+, GPNMB, and 
CD36+ LLMs, which have been linked to immunosuppression 
and therapy resistance in HCC, PCa, and GBM (Ramirez et al., 
2024; Masetti et al., 2022; Kloosterman et al., 2024). In this 
context, a recent study (Early et al., 2018) highlights the role of 
the core clock protein BMAL1 in regulating NRF2, a key anti- 
inflammatory transcription factor that suppresses ROS pro
duction and the pro-inflammatory cytokines IL-1β and IL-6. 
BMAL1 directly binds to the Nrf2 promoter to promote its ex
pression. Loss of BMAL1 impairs NRF2 activation in response to 
inflammatory stimuli (e.g., LPS), leading to reduced glutathione 
synthesis, increased ROS accumulation, stabilization of HIF-1α, 
and elevated IL-1β levels (Early et al., 2018). Notably, this pro- 
oxidative and pro-inflammatory phenotype can be reversed 
through genetic or pharmacological activation of NRF2 or via 
antioxidant treatment. These findings underscore a critical link 
between the circadian clock and inflammatory regulation in 
innate immune cells, with potential implications for tumor im
munity and chronic inflammatory diseases. Furthermore, emerg
ing evidence suggests that specific subsets of anti-tumoral 
neutrophils are essential for effective ICB therapy (Benguigui 
et al., 2024; Gungabeesoon et al., 2023). Given the observations 
of improved outcomes with time-of-day administration of ICB, 
together with the emerging phenotypes of anti-tumoral neu
trophils, it is conceivable that circadian-controlled neutrophil 
mechanisms play a broader role in shaping the tumor immune 
microenvironment and influencing therapy responses.

The role of BMAL1 in TAMs has been further elucidated using 
experimental models. For instance, in a study involving co-injection 
of B16-F10 melanoma cells with either WT or BMAL1-deficient BM- 
derived macrophages, tumors receiving BMAL1-deficient macro
phages displayed increased growth, reduced CD8+ T cell infiltration, 
and diminished IFN-γ production by both CD8+ T and NK cells 
(Alexander et al., 2020). Mechanistically, BMAL1 was shown to 
maintain mitochondrial function and oxidative metabolism in LPS- 
stimulated macrophages, with its absence resulting in elevated ROS 
production and reduced oxygen consumption via succinate dehy
drogenase impairment. In another study using a genetic model of 
CRC combined with scRNA-seq, circadian disruption—either ge
netically or environmentally—led to accumulation of myeloid cells 
and a concomitant reduction in cytotoxic CD8+ T cells within the 
TME (Fortin et al., 2024). The study identified a clock-dependent 
signaling axis between intestinal epithelial cells and the immune 
system mediated by rhythmic cytokine and chemokine release. 

Notably, the abundance of PD-L1–expressing myeloid cells 
fluctuated rhythmically in both intestinal and peripheral tissues. 
Furthermore, anti–PD-L1 therapy was most effective when ad
ministered during the early active phase in mice, a time when 
immunosuppressive myeloid cells were most abundant, re
inforcing the idea that therapeutic timing can be optimized 
based on circadian control of immune composition and immune 
programs (Fig. 3).

Open questions and future directions in 
myeloid chronobiology
Together, these findings highlight that BMAL1 and circadian 
programs within myeloid cells can exert critical roles in the 
TME. However, it remains to be determined which are these 
BMAL-1–controlled programs are and whether they contribute 
significantly to the rhythmic regulation of either pro- and/or 
anti-tumor immunity. Addressing this knowledge gap may re
veal new opportunities for chrono-immunotherapy strategies 
that align treatment schedules with peak immune responsive
ness for enhanced clinical outcomes.

Concluding remarks
Modulating myeloid cells in cancer remains a complex and nuanced 
challenge, largely due to their intrinsic heterogeneity and essential 
roles in immune defense, tissue repair, and homeostasis. Broad 
depletion or dysfunction of these cells brings risks, compromising 
host immunity and increasing susceptibility to infection. Despite 
these challenges, recent advances in single-cell and multi-omic 
technologies are enhancing our spatial, temporal, and functional 
understanding of myeloid populations within tumors, revealing 
context-dependent mechanisms of response and resistance— 
particularly in relation to immunotherapy (Li et al., 2024).

Yet how targeting strategies functionally reprogram neu
trophil and macrophage states or phenotypes in tumors—and 
how these interventions influence their developmental trajec
tories in the BM—remains largely unexplored. One potential 
scenario, currently being tested in clinical trials, is supported by 
evidence that locally identified signals can reprogram systemic 
responses in the BM, promoting the chronic generation of im
munosuppressive myeloid cells. Targeting the IL-4R pathway 
(LaMarche et al., 2024) or the IL-1β–IL-1R axis (Caronni et al., 
2023), alone or in combination with ICB, may enable the de
velopment of novel systemic therapies. These strategies em
phasize the concept of cancer as an organism-level disease, 
extending therapeutic impact beyond the local TME.

One of the current limitations in cancer studies is that, while 
sophisticated tools are being developed to explore tumor- 
immune cross talk, very few investigations thoroughly charac
terize the functional profiles of myeloid cells in cancer patients, 
often restricting analyses to changes in cell numbers or broad 
immunosuppressive phenotypes due to limited sample avail
ability. This underscores the persistent gap between cancer bio
logists (who primarily report numerical or phenotypic changes) 
and immunologists (who aim to uncover novel functional immune 
phenotypes). To overcome these challenges, the field must adopt 
advanced experimental systems that more accurately recapitulate 
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human myeloid diversity, plasticity, and TME–immune interac
tions. Humanized mouse models, organoid-immune co-culture 
platforms, and ex vivo myeloid differentiation systems offer 
promising directions, yet each capture only fragments of the 
complex and patient-specific cues that shape myeloid behavior 
in vivo. Integrating these models with longitudinal sampling, high- 
dimensional profiling, and functional perturbation technologies 
will be essential to uncover how therapeutic interventions re
model myeloid lineages over time. Ultimately, only by deploying 
more physiologically relevant and mechanistically informative 
models, we can design durable approaches to reprogram dys
functional myeloid cells, restore tissue homeostasis, and improve 
the translational impact of immunotherapies in human cancers.

As discussed, myeloid infiltrating cells in tumors are not 
uniformly immunosuppressive. Increasing evidence highlights 
their immunomodulatory capacity, reminiscent of their multi
functional roles in homeostasis, which can be reshaped by 
treatment-based interventions such as ICB, chemotherapy, ra
diotherapy, or even BCG and COVID-19 vaccination (Grippin 
et al., 2025). Their localization and immediate neighbors—the 
so-called niche—critically determine their function, a concept that 
is only beginning to be fully appreciated. Importantly, accumulat
ing evidence now indicates that BMAL1 and other core components 
of the circadian clock exert potent anti-tumor effects through reg
ulation of cDCs receptors and potentially in other tumor-infiltrating 
myeloid subsets. These circadian programs modulate essential 
functions such as antigen presentation, cytokine production, me
tabolism, and immune cell trafficking in a time-of-day–dependent 
manner, thereby shaping the tumor immune landscape and influ
encing the efficacy of therapies such as ICB.

A major challenge ahead lies in integrating both cell-intrinsic 
programs (e.g., molecular clocks) and extrinsic signals (e.g., met
abolic, microbial, or hormonal cues), along with broader exposome 
influences, into a coherent framework that enables therapeutic 
reprogramming of myeloid cells without compromising their 
homeostatic roles.

We have intentionally avoided setting a hierarchical domi
nance of cues (oncogenic, metabolic, and circadian) in modeling 
myeloid phenotypes, as these are intricately intertwined pro
cesses. The evidence suggests that these cues do not operate in 
isolation, but rather interact dynamically. Circadian disruption 
can alter cancer risk (Pariollaud, 2020), while oncogenic signals 
can reprogram metabolic pathways by subverting the molecular 
clock (Wang et al., 2024b). The specific dominance of cues likely 
varies by cancer type and stage, highlighting the need for nu
anced and integrative context-specific investigation.

As our understanding of myeloid temporal plasticity deepens— 
across daily (circadian), longitudinal (developmental or disease 
progression), and spatial (tissue-specific) scales—we are at a piv
otal moment to decipher how these dimensions intersect to in
fluence tumor progression, immune suppression, and therapy 
response. This perspective also calls for a critical re-evaluation 
of current preclinical mouse models, which often fail to capture 
human circadian biology, and underscores the need for orthog
onal studies in human samples—requiring coordinated efforts 
among researchers, clinicians, patients, and caregivers. A nota
ble step forward has been the proposal of a modular and flexible 

framework to define myeloid heterogeneity, integrating develop
mental, spatial, and functional axes, as recently achieved for 
neutrophils (Ng et al., 2025a). In line with this, our definitions of 
myeloid cell states and subsets must remain open to incorporating 
novel dimensions—such as temporal factors, both longitudinal and 
circadian—into the evolving landscape of tumor immunology, as 
revealed by the modulation of mutational drivers in myeloid cells.

Doing so may uncover novel chrono-immunotherapeutic 
windows in which interventions are optimized not only for 
target specificity but also for alignment with the functional anti- 
tumoral oscillations of the immune system. In this context, time 
is not merely a background variable; it is an active determinant 
of myeloid cell identity, function, and therapeutic potential.
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draft, review, and editing. Maŕıa Casanova-Acebes: conceptuali
zation, funding acquisition, project administration, resources, 
supervision, visualization, and writing—original draft, review, 
and editing.

Disclosures: The authors declare no competing interests exist.

Submitted: 8 December 2025
Revised: 17 February 2026
Accepted: 18 February 2026

References
Abegunde, S.O., R. Buckstein, R.A. Wells, and M.J. Rauh. 2018. An inflam

matory environment containing TNFalpha favors Tet2-mutant clonal 
hematopoiesis. Exp. Hematol. 59:60–65. https://doi.org/10.1016/j.exphem 
.2017.11.002

Adrover, J.M., A. Aroca-Crevillen, G. Crainiciuc, F. Ostos, Y. Rojas-Vega, A. 
Rubio-Ponce, C. Cilloniz, E. Bonzon-Kulichenko, E. Calvo, D. Rico, et al. 
2020. Programmed “disarming” of the neutrophil proteome reduces the 

Nogales-Pons et al. Journal of Experimental Medicine 18 of 25 
Drivers of myeloid diversity in tumors https://doi.org/10.1084/jem.20252267 

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/223/4/e20252267/2028102/jem
_20252267.pdf by guest on 15 M

arch 2026

https://doi.org/10.1016/j.exphem.2017.11.002
https://doi.org/10.1016/j.exphem.2017.11.002


magnitude of inflammation. Nat. Immunol. 21:135–144. https://doi.org/ 
10.1038/s41590-019-0571-2

Adrover, J.M., C. Del Fresno, G. Crainiciuc, M.I. Cuartero, M. Casanova- 
Acebes, L.A. Weiss, H. Huerga-Encabo, C. Silvestre-Roig, J. Rossaint, I. 
Cossio, et al. 2019. A neutrophil timer coordinates immune defense and 
vascular protection. Immunity. 50:390–402.e10. https://doi.org/10.1016/ 
j.immuni.2019.01.002

Adrover, J.M., X. Han, L. Sun, T. Fujii, N. Sivetz, J. Dassler-Plenker, C. Evans, J. 
Peters, X.Y. He, C.D. Cannon, et al. 2025. Neutrophils drive vascular 
occlusion, tumour necrosis and metastasis. Nature. 645:484–495. 
https://doi.org/10.1038/s41586-025-09278-3

Aiello, I., M.L. Mul Fedele, F. Román, L. Marpegan, C. Caldart, J.J. Chiesa, D.A. 
Golombek, C.V. Finkielstein, and N. Paladino. 2020. Circadian disrup
tion promotes tumor-immune microenvironment remodeling favoring 
tumor cell proliferation. Sci. Adv. 6:eaaz4530. https://doi.org/10.1126/ 
sciadv.aaz4530

Alexander, R.K., Y.H. Liou, N.H. Knudsen, K.A. Starost, C. Xu, A.L. Hyde, S. 
Liu, D. Jacobi, N.S. Liao, and C.H. Lee. 2020. Bmal1 integrates mito
chondrial metabolism and macrophage activation. Elife. 9:e54090. 
https://doi.org/10.7554/eLife.54090

Aliazis, K., S. Yenyuwadee, P. Phikulsod, and V.A. Boussiotis. 2024. Emer
gency myelopoiesis in solid cancers. Br. J. Haematol. 205:798–811. https:// 
doi.org/10.1111/bjh.19656

Alvarez-Prado, A.F., R.R. Maas, K. Soukup, F. Klemm, M. Kornete, F.S. Krebs, 
V. Zoete, S. Berezowska, J.P. Brouland, A.F. Hottinger, et al. 2023. Im
munogenomic analysis of human brain metastases reveals diverse im
mune landscapes across genetically distinct tumors. Cell Rep. Med. 4: 
100900. https://doi.org/10.1016/j.xcrm.2022.100900

Andersson, R., E. Mejia-Ramirez, and M.C. Florian. 2025. Haematopoietic 
ageing in health and lifespan. Nat. Cell Biol. 27:1398–1410. https://doi.org/ 
10.1038/s41556-025-01739-1

Araujo, A.M., A. Abaurrea, P. Azcoaga, J.I. Lopez-Velazco, S. Manzano, J. 
Rodriguez, R. Rezola, L. Egia-Mendikute, F. Valdes-Mora, J.M. Flores, 
et al. 2022. Stromal oncostatin M cytokine promotes breast cancer 
progression by reprogramming the tumor microenvironment. J. Clin. 
Invest. 132:e165107. https://doi.org/10.1172/JCI165107

Arenberg, D.A., M.P. Keane, B. Digiovine, S.L. Kunkel, S.R. Strom, M.D. 
Burdick, M.D. Iannettoni, and R.M. Strieter. 2000. Macrophage infil
tration in human non-small-cell lung cancer: The role of CC chemo
kines. Cancer Immunol. Immunother. 49:63–70. https://doi.org/10.1007/ 
s002620050603

Aroca-Crevillen, A., T. Vicanolo, S. Ovadia, and A. Hidalgo. 2024. Neutrophils 
in physiology and pathology. Annu. Rev. Pathol. 19:227–259. https://doi 
.org/10.1146/annurev-pathmechdis-051222-015009

Aroca-Crevillén, A., S. Mart́ın-Salamanca, L.S. Torres, G. Crainiciuc, J Sicilia, 
E. Peñaloza-Mart́ınez, N. Rosillo, M. Molina-Moreno, J.M. Adrover, A. 
Rubio-Ponce, et al. 2025. A circadian checkpoint relocates neutrophils 
to minimize injury. J. Exp. Med. 223. e20250240. https://doi.org/10 
.1084/jem.20250240

Arwert, E.N., A.S. Harney, D. Entenberg, Y. Wang, E. Sahai, J.W. Pollard, and 
J.S. Condeelis. 2018. A unidirectional transition from migratory to 
perivascular macrophage is required for tumor cell intravasation. Cell 
Rep. 23:1239–1248. https://doi.org/10.1016/j.celrep.2018.04.007

Baer, J.M., C. Zuo, L.I. Kang, A.A. De La Lastra, N.C. Borcherding, B.L. 
Knolhoff, S.J. Bogner, Y. Zhu, L. Yang, J. Laurent, et al. 2023. Fibrosis 
induced by resident macrophages has divergent roles in pancreas in
flammatory injury and PDAC. Nat. Immunol. 24:1443–1457. https://doi 
.org/10.1038/s41590-023-01579-x

Balandran, J.C., A. Lasry, and I. Aifantis. 2023. The role of inflammation in the 
initiation and progression of myeloid neoplasms. Blood Cancer Discov. 4: 
254–266. https://doi.org/10.1158/2643-3230.BCD-22-0176

Bancaro, N., B. Cali, M. Troiani, A.R. Elia, R.A. Arzola, G. Attanasio, P. Lai, M. 
Crespo, B. Gurel, R. Pereira, et al. 2023. Apolipoprotein E induces 
pathogenic senescent-like myeloid cells in prostate cancer. Cancer Cell. 
41:602–619.e11. https://doi.org/10.1016/j.ccell.2023.02.004

Bayne, L.J., G.L. Beatty, N. Jhala, C.E. Clark, A.D. Rhim, B.Z. Stanger, and R.H. 
Vonderheide. 2012. Tumor-derived granulocyte-macrophage colony- 
stimulating factor regulates myeloid inflammation and T cell immu
nity in pancreatic cancer. Cancer Cell. 21:822–835. https://doi.org/10 
.1016/j.ccr.2012.04.025

Belizaire, R., W.J. Wong, M.L. Robinette, and B.L. Ebert. 2023. Clonal hae
matopoiesis and dysregulation of the immune system. Nat. Rev. Im
munol. 23:595–610. https://doi.org/10.1038/s41577-023-00843-3

Benguigui, M., T.J. Cooper, P. Kalkar, S. Schif-Zuck, R. Halaban, A. Bacchiocchi, 
I. Kamer, A. Deo, B. Manobla, R. Menachem, et al. 2024. Interferon- 

stimulated neutrophils as a predictor of immunotherapy response. Can
cer Cell. 42:253–265.e12. https://doi.org/10.1016/j.ccell.2023.12.005

Bill, R., P. Wirapati, M. Messemaker, W. Roh, B. Zitti, F. Duval, M. Kiss, J.C. 
Park, T.M. Saal, J. Hoelzl, et al. 2023. CXCL9:SPP1 macrophage polarity 
identifies a network of cellular programs that control human cancers. 
Science. 381:515–524. https://doi.org/10.1126/science.ade2292

Blagih, J., F. Zani, P. Chakravarty, M. Hennequart, S. Pilley, S. Hobor, A.K. 
Hock, J.B. Walton, J.P. Morton, E. Gronroos, et al. 2020. Cancer-specific 
Loss of p53 leads to a modulation of myeloid and T cell responses. Cell 
Rep. 30:481–496.e6. https://doi.org/10.1016/j.celrep.2019.12.028

Bleriot, C., G. Dunsmore, D. Alonso-Curbelo, and F. Ginhoux. 2024. A temporal 
perspective for tumor-associated macrophage identities and functions. 
Cancer Cell. 42:747–758. https://doi.org/10.1016/j.ccell.2024.04.002

Bolli, E., P. Wirapati, M. Hicham, Y. Xie, M. Siwicki, F. Duval, A.G. Goubet, M. 
Kiss, B. Zitti, T. Zwahlen, et al. 2026. CCL3 is produced by aged neu
trophils across cancers and promotes tumor growth. Cancer Cell. 44:1–17. 
https://doi.org/10.1016/j.ccell.2026.01.006

Brand, J., M. Haro, X. Lin, B.J. Rimel, S.M. Mcgregor, K. Lawrenson, and H.Q. 
Dinh. 2024. Fallopian tube single cell analysis reveals myeloid cell al
terations in high-grade serous ovarian cancer. iScience. 27:108990. https:// 
doi.org/10.1016/j.isci.2024.108990

Bui, T.M., L.K. Yalom, E. Ning, J.M. Urbanczyk, X. Ren, C.J. Herrnreiter, J.A. 
Disario, B. Wray, M.J. Schipma, Y.S. Velichko, et al. 2024. Tissue-specific 
reprogramming leads to angiogenic neutrophil specialization and tumor 
vascularization in colorectal cancer. J. Clin. Invest. 134:e174545. https:// 
doi.org/10.1172/JCI174545

Buttigieg, M.M., C. Vlasschaert, A.G. Bick, R.J. Vanner, and M.J. Rauh. 2025. 
Inflammatory reprogramming of the solid tumor microenvironment by 
infiltrating clonal hematopoiesis is associated with adverse outcomes. 
Cell Rep Med. 6:101989. https://doi.org/10.1016/j.xcrm.2025.101989

Cai, X., R.L. Bowman, and J.J. Trowbridge. 2025. Clonal hematopoiesis in 
myeloid malignancies and solid tumors. Nat. Cancer. 6:1133–1144. https:// 
doi.org/10.1038/s43018-025-01014-0

Caiado, F., L.V. Kovtonyuk, N.G. Gonullu, J. Fullin, S. Boettcher, and M.G. 
Manz. 2023. Aging drives Tet2+/- clonal hematopoiesis via IL-1 signal
ing. Blood. 141:886–903. https://doi.org/10.1182/blood.2022016835

Calcinotto, A., C. Spataro, E. Zagato, D. Di Mitri, V. Gil, M. Crespo, G. De 
Bernardis, M. Losa, M. Mirenda, E. Pasquini, et al. 2018. IL-23 secreted 
by myeloid cells drives castration-resistant prostate cancer. Nature. 559: 
363–369. https://doi.org/10.1038/s41586-018-0266-0

Caronni, N., F. La Terza, F.M. Vittoria, G. Barbiera, L. Mezzanzanica, V. 
Cuzzola, S. Barresi, M. Pellegatta, P. Canevazzi, G. Dunsmore, et al. 
2023. IL-1beta(+) macrophages fuel pathogenic inflammation in pan
creatic cancer. Nature. 623:415–422. https://doi.org/10.1038/s41586-023 
-06685-2

Casanova-Acebes, M., E. Dalla, A.M. Leader, J. Leberichel, J. Nikolic, B.M. 
Morales, M. Brown, C. Chang, L. Troncoso, S.T. Chen, et al. 2021. Tissue- 
resident macrophages provide a pro-tumorigenic niche to early NSCLC 
cells. Nature. 595:578–584. https://doi.org/10.1038/s41586-021-03651-8

Casanova-Acebes, M., J.A. Nicolas-Avila, J.L. Li, S. Garcia-Silva, A. Balac
hander, A. Rubio-Ponce, L.A. Weiss, J.M. Adrover, K. Burrows, A.G. N, 
et al. 2018. Neutrophils instruct homeostatic and pathological states in 
naive tissues. J. Exp. Med. 215:2778–2795. https://doi.org/10.1084/jem 
.20181468

Casanova-Acebes, M., C. Pitaval, L.A. Weiss, C. Nombela-Arrieta, R. Chevre, 
A.G. N, Y. Kunisaki, D. Zhang, N. Van Rooijen, L.E. Silberstein, et al. 
2013. Rhythmic modulation of the hematopoietic niche through neu
trophil clearance. Cell. 153:1025–1035. https://doi.org/10.1016/j.cell.2013 
.04.040

Cerezo-Wallis, D., A. Rubio-Ponce, M. Richter, E. Pitino, I. Kwok, G. Marte
letto, A.C. Guanolema-Coba, C. Shih, R.K. Huang, A. Moraga, et al. 2025. 
Architecture of the neutrophil compartment. Nature. 649:1003–1012. 
https://doi.org/10.1038/s41586-025-09807-0

Cervantes-Silva, M.P., R.G. Carroll, M.M. Wilk, D. Moreira, C.A. Payet, J.R. 
O’Siorain, S.L. Cox, L.E. Fagan, P.A. Klavina, Y. He, et al. 2022. The 
circadian clock influences T cell responses to vaccination by regulating 
dendritic cell antigen processing. Nat. Commun. 13:7217. https://doi.org/ 
10.1038/s41467-022-34897-z

Chia, S.B., B.J. Johnson, J. Hu, F. Valenca-Pereira, M. Chadeau-Hyam, F. 
Guntoro, H. Montgomery, M.P. Boorgula, V. Sreekanth, A. Goodspeed, 
et al. 2025. Respiratory viral infections awaken metastatic breast cancer 
cells in lungs. Nature. 645:496–506. https://doi.org/10.1038/s41586-025 
-09332-0

Collins, N.B., R. Al Abosy, B.C. Miller, K. Bi, Q. Zhao, M. Quigley, J.J. Ishizuka, 
K.B. Yates, H.W. Pope, R.T. Manguso, et al. 2022. PI3K activation allows 

Nogales-Pons et al. Journal of Experimental Medicine 19 of 25 
Drivers of myeloid diversity in tumors https://doi.org/10.1084/jem.20252267 

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/223/4/e20252267/2028102/jem
_20252267.pdf by guest on 15 M

arch 2026

https://doi.org/10.1038/s41590-019-0571-2
https://doi.org/10.1038/s41590-019-0571-2
https://doi.org/10.1016/j.immuni.2019.01.002
https://doi.org/10.1016/j.immuni.2019.01.002
https://doi.org/10.1038/s41586-025-09278-3
https://doi.org/10.1126/sciadv.aaz4530
https://doi.org/10.1126/sciadv.aaz4530
https://doi.org/10.7554/eLife.54090
https://doi.org/10.1111/bjh.19656
https://doi.org/10.1111/bjh.19656
https://doi.org/10.1016/j.xcrm.2022.100900
https://doi.org/10.1038/s41556-025-01739-1
https://doi.org/10.1038/s41556-025-01739-1
https://doi.org/10.1172/JCI165107
https://doi.org/10.1007/s002620050603
https://doi.org/10.1007/s002620050603
https://doi.org/10.1146/annurev-pathmechdis-051222-015009
https://doi.org/10.1146/annurev-pathmechdis-051222-015009
https://doi.org/10.1084/jem.20250240
https://doi.org/10.1084/jem.20250240
https://doi.org/10.1016/j.celrep.2018.04.007
https://doi.org/10.1038/s41590-023-01579-x
https://doi.org/10.1038/s41590-023-01579-x
https://doi.org/10.1158/2643-3230.BCD-22-0176
https://doi.org/10.1016/j.ccell.2023.02.004
https://doi.org/10.1016/j.ccr.2012.04.025
https://doi.org/10.1016/j.ccr.2012.04.025
https://doi.org/10.1038/s41577-023-00843-3
https://doi.org/10.1016/j.ccell.2023.12.005
https://doi.org/10.1126/science.ade2292
https://doi.org/10.1016/j.celrep.2019.12.028
https://doi.org/10.1016/j.ccell.2024.04.002
https://doi.org/10.1016/j.ccell.2026.01.006
https://doi.org/10.1016/j.isci.2024.108990
https://doi.org/10.1016/j.isci.2024.108990
https://doi.org/10.1172/JCI174545
https://doi.org/10.1172/JCI174545
https://doi.org/10.1016/j.xcrm.2025.101989
https://doi.org/10.1038/s43018-025-01014-0
https://doi.org/10.1038/s43018-025-01014-0
https://doi.org/10.1182/blood.2022016835
https://doi.org/10.1038/s41586-018-0266-0
https://doi.org/10.1038/s41586-023-06685-2
https://doi.org/10.1038/s41586-023-06685-2
https://doi.org/10.1038/s41586-021-03651-8
https://doi.org/10.1084/jem.20181468
https://doi.org/10.1084/jem.20181468
https://doi.org/10.1016/j.cell.2013.04.040
https://doi.org/10.1016/j.cell.2013.04.040
https://doi.org/10.1038/s41586-025-09807-0
https://doi.org/10.1038/s41467-022-34897-z
https://doi.org/10.1038/s41467-022-34897-z
https://doi.org/10.1038/s41586-025-09332-0
https://doi.org/10.1038/s41586-025-09332-0


immune evasion by promoting an inhibitory myeloid tumor microen
vironment. J. Immunother. Cancer. 10:e003402. https://doi.org/10.1136/ 
jitc-2021-003402

Compton, S.E., S.M. Kitchen-Goosen, L.M. Decamp, K.H. Lau, B. Mabvakure, 
M. Vos, K.S. Williams, K.K. Wong, X. Shi, S.B. Rothbart, et al. 2023. LKB1 
controls inflammatory potential through CRTC2-dependent histone 
acetylation. Mol. Cell. 83:1872–1886.e5. https://doi.org/10.1016/j.molcel 
.2023.04.017

Crespo, M., B. Gonzalez-Teran, I. Nikolic, A. Mora, C. Folgueira, E. Rodriguez, 
L. Leiva-Vega, A. Pintor-Chocano, M. Fernandez-Chacon, I. Ruiz-Gar
rido, et al. 2020. Neutrophil infiltration regulates clock-gene expression 
to organize daily hepatic metabolism. Elife. 9:e59258. https://doi.org/10 
.7554/eLife.59258

Dalla, E., N. Barth, R. Hou, D. Segura-Villalobos, L. Valencia Salazar, D. Sun, 
A.R.R. Forrest, M. Casanova-Acebes, and M.D. Park. et al. 2024. Lung- 
resident alveolar macrophages regulate the timing of breast cancer 
metastasis. Cell. 187:6631–6648. https://doi.org/10.1016/j.cell.2024.09 
.016

Datar, I., X. Qiu, H.Z. Ma, M. Yeung, S. Aras, I. De La Serna, F. Al-Mulla, T.Z. 
Tan, J.P. Thiery, R. Trumbly, et al. 2016. Correction: RKIP regulates 
CCL5 expression to inhibit breast cancer invasion and metastasis by 
controlling macrophage infiltration. Oncotarget. 7:26925. https://doi 
.org/10.18632/oncotarget.9139

Deng, D., H. Begum, T. Liu, J. Zhang, Q. Zhang, T.Y. Chu, H. Li, A. Lemenze, M. 
Hoque, P. Soteropoulos, and P. Hou. 2024. NFAT5 governs cellular 
plasticity-driven resistance to KRAS-targeted therapy in pancreatic can
cer. J. Exp. Med. 221:e20240766. https://doi.org/10.1084/jem.20240766

Desharnais, L., M. Sorin, M. Rezanejad, B. Liu, E. Karimi, A. Atallah, A.M. 
Swaby, M.W. Yu, S. Dore, S. Hartner, et al. 2025. Spatially mapping the 
tumour immune microenvironments of non-small cell lung cancer. Nat. 
Commun. 16:1345. https://doi.org/10.1038/s41467-025-56546-x

Ding, C., R. Shrestha, X. Zhu, A.E. Geller, S. Wu, M.R. Woeste, W. Li, H. Wang, 
F. Yuan, R. Xu, et al. 2023. Inducing trained immunity in pro-metastatic 
macrophages to control tumor metastasis. Nat. Immunol. 24:239–254. 
https://doi.org/10.1038/s41590-022-01388-8

Dixit, A., O. Parnas, B. Li, J. Chen, C.P. Fulco, L. Jerby-Arnon, N.D. Marjanovic, 
D. Dionne, T. Burks, R. Raychowdhury, et al. 2016. Perturb-Seq: Dis
secting molecular circuits with scalable single-cell RNA profiling of 
pooled genetic screens. Cell. 167:1853–1866.e17. https://doi.org/10.1016/j 
.cell.2016.11.038

Dominguez-Andres, J., and M.G. Netea. 2019. Long-term reprogramming of 
the innate immune system. J. Leukoc. Biol. 105:329–338. https://doi.org/ 
10.1002/JLB.MR0318-104R

Drizyte-Miller, K., T. Talabi, A. Somasundaram, A.D. Cox, and C.J. Der. 2025. 
KRAS: The achilles’ heel of pancreas cancer biology. J. Clin. Invest. 135: 
e191939. https://doi.org/10.1172/JCI191939

Du, L.Y., P. Keerthisinghe, L. Rolland, Y.J. Sung, H. Darroch, T. Linnerz, E. 
Ashimbayeva, M.J. Grant, P.M. Kakadia, A. Ramachandran, et al. 2025. 
A light-regulated circadian timer optimizes neutrophil bactericidal ac
tivity to boost daytime immunity. Sci. Immunol. 10:eadn3080. https:// 
doi.org/10.1126/sciimmunol.adn3080

Dunsmore, G., W. Guo, Z. Li, D.A. Bejarano, R. Pai, K. Yang, I. Kwok, L. Tan, M. 
Ng, C. De La Calle Fabregat, et al. 2024. Timing and location dictate 
monocyte fate and their transition to tumor-associated macrophages. 
Sci. Immunol. 9:eadk3981. https://doi.org/10.1126/sciimmunol.adk3981

Early, J.O., D. Menon, C.A. Wyse, M.P. Cervantes-Silva, Z. Zaslona, R.G. 
Carroll, E.M. Palsson-Mcdermott, S. Angiari, D.G. Ryan, S.E. Corcoran, 
et al. 2018. Circadian clock protein BMAL1 regulates IL-1beta in mac
rophages via NRF2. Proc. Natl. Acad. Sci. USA. 115:E8460–E8468. https:// 
doi.org/10.1073/pnas.1800431115

El-Tanani, M., S.A. Rabbani, A.A. Ali, I.G.A. Alfaouri, H. Al Nsairat, I.H. Al- 
Ani, A.A. Aljabali, M. Rizzo, D. Patoulias, M.A. Khan, et al. 2024. Cir
cadian rhythms and cancer: Implications for timing in therapy. Discov. 
Oncol. 15:767. https://doi.org/10.1007/s12672-024-01643-4

Elewaut, A., G. Estivill, F. Bayerl, L. Castillon, M. Novatchkova, E. Pottendorfer, 
L. Hoffmann-Haas, M. Schonlein, T.V. Nguyen, M. Lauss, et al. 2025. 
Cancer cells impair monocyte-mediated T cell stimulation to evade im
munity. Nature. 637:716–725. https://doi.org/10.1038/s41586-024-08257-4

Enfield, K.S.S., E. Colliver, C. Lee, A. Magness, D.A. Moore, M. Sivakumar, K. 
Grigoriadis, O. Pich, T. Karasaki, P.S. Hobson, et al. 2024. Spatial ar
chitecture of myeloid and T cells orchestrates immune evasion and 
clinical outcome in lung cancer. Cancer Discov. 14:1018–1047. https://doi 
.org/10.1158/2159-8290.CD-23-1380

Evrard, M., I.W.H. Kwok, S.Z. Chong, K.W.W. Teng, E. Becht, J. Chen, J.L. 
Sieow, H.L. Penny, G.C. Ching, S. Devi, et al. 2018. Developmental 

analysis of bone marrow neutrophils reveals populations specialized in 
expansion, trafficking, and effector functions. Immunity. 48:364–379.e8. 
https://doi.org/10.1016/j.immuni.2018.02.002

Fabre, M.A., J.G. De Almeida, E. Fiorillo, E. Mitchell, A. Damaskou, J. Rak, V. 
Orru, M. Marongiu, M.S. Chapman, M.S. Vijayabaskar, et al. 2022. The 
longitudinal dynamics and natural history of clonal haematopoiesis. 
Nature. 606:335–342. https://doi.org/10.1038/s41586-022-04785-z

Fleischmann, M., M. Diefenhardt, A.M. Nicolas, F. Rodel, M. Ghadimi, R.D. 
Hofheinz, F.R. Greten, C. Rodel, E. Fokas, and G. German Rectal Cancer 
Study. 2022. ACO/ARO/AIO-21 - Capecitabine-based chemoradiotherapy 
in combination with the IL-1 receptor antagonist anakinra for rectal 
cancer patients: A phase I trial of the German rectal cancer study group. 
Clin. Transl Radiat. Oncol. 34:99–106. https://doi.org/10.1016/j.ctro.2022 
.04.003

Fortin, B.M., S.M. Pfeiffer, J. Insua-Rodriguez, H. Alshetaiwi, A. Moshensky, 
W.A. Song, A.L. Mahieu, S.K. Chun, A.N. Lewis, A. Hsu, et al. 2024. 
Circadian control of tumor immunosuppression affects efficacy of im
mune checkpoint blockade. Nat. Immunol. 25:1257–1269. https://doi 
.org/10.1038/s41590-024-01859-0

Ganesh, K., and M.B. Joshi. 2023. Neutrophil sub-types in maintaining im
mune homeostasis during steady state, infections and sterile inflam
mation. Inflamm. Res. 72:1175–1192. https://doi.org/10.1007/s00011-023 
-01737-9

Gao, Y., J. Li, W. Cheng, T. Diao, H. Liu, Y. Bo, C. Liu, W. Zhou, M. Chen, Y. 
Zhang, et al. 2024. Cross-tissue human fibroblast atlas reveals myofi
broblast subtypes with distinct roles in immune modulation. Cancer Cell. 
42:1764–1783.e10. https://doi.org/10.1016/j.ccell.2024.08.020

Garner, H., M. Martinovic, N.Q. Liu, N.A.M. Bakker, I.Q. Velilla, C.S. Hau, K. 
Vrijland, D. Kaldenbach, M. Kok, E. De Wit, and K.E. De Visser. 2025. 
Understanding and reversing mammary tumor-driven reprogramming 
of myelopoiesis to reduce metastatic spread. Cancer Cell. 43:1279–1295.e9. 
https://doi.org/10.1016/j.ccell.2025.04.007

Geller, A.E., R. Shrestha, M.R. Woeste, H. Guo, X. Hu, C. Ding, K. Andreeva, 
J.H. Chariker, M. Zhou, D. Tieri, et al. 2022. The induction of peripheral 
trained immunity in the pancreas incites anti-tumor activity to control 
pancreatic cancer progression. Nat. Commun. 13:759. https://doi.org/10 
.1038/s41467-022-28407-4

Gerber-Ferder, Y., J. Cosgrove, A. Duperray-Susini, Y. Missolo-Koussou, M. 
Dubois, K. Stepaniuk, M. Pereira-Abrantes, C. Sedlik, S. Lameiras, S. 
Baulande, et al. 2023. Breast cancer remotely imposes a myeloid bias on 
haematopoietic stem cells by reprogramming the bone marrow niche. 
Nat. Cell Biol. 25:1736–1745. https://doi.org/10.1038/s41556-023-01291-w

Ghisoni, E., F. Benedetti, A. Minasyan, M. Desbuisson, P. Cunnea, A.J. Grimm, 
N. Fahr, C. Capt, N. Rayroux, F. De Carlo, et al. 2025. Myeloid cell net
works govern re-establishment of original immune landscapes in re
current ovarian cancer. Cancer Cell. 43:1568–1586.e10. https://doi.org/ 
10.1016/j.ccell.2025.07.005

Grippin, A.J., C. Marconi, S. Copling, N. Li, C. Braun, C. Woody, E. Young, P. 
Gupta, M. Wang, A. Wu, et al. 2025. SARS-CoV-2 mRNA vaccines sen
sitize tumours to immune checkpoint blockade. Nature. 647:448–497. 
https://doi.org/10.1038/s41586-025-09655-y

Gungabeesoon, J., N.A. Gort-Freitas, M. Kiss, E. Bolli, M. Messemaker, M. 
Siwicki, M. Hicham, R. Bill, P. Koch, C. Cianciaruso, et al. 2023. A 
neutrophil response linked to tumor control in immunotherapy. Cell. 
186:1448–1464.e20. https://doi.org/10.1016/j.cell.2023.02.032

Guo, C., A. Sharp, B. Gurel, M. Crespo, I. Figueiredo, S. Jain, U. Vogl, J. Re
kowski, M. Rouhifard, L. Gallagher, et al. 2023. Targeting myeloid 
chemotaxis to reverse prostate cancer therapy resistance. Nature. 623: 
1053–1061. https://doi.org/10.1038/s41586-023-06696-z

Guthridge, M.A., J.A. Powell, E.F. Barry, F.C. Stomski, B.J. Mcclure, H. Ram
shaw, F.A. Felquer, M. Dottore, D.T. Thomas, B. To, et al. 2006. Growth 
factor pleiotropy is controlled by a receptor Tyr/Ser motif that acts as a 
binary switch. EMBO J. 25:479–489. https://doi.org/10.1038/sj.emboj 
.7600948

Hadadi, E., W. Taylor, X.-A. Li, Y. Aslan, M. Villote, J. Rivière, G. Duvallet, C. 
Auriau, S. Dulong, I. Raymond-Letron, et al. 2020. Chronic circadian 
disruption modulates breast cancer stemness and immune microenvi
ronment to drive metastasis in mice. Nat. Commun. 11:3193. https://doi 
.org/10.1038/s41467-020-16890-6

Hageb, A., M. Farjia, C. Osei-Sarpong, and C. Silvestre-Roig. 2025. Ontoge
netic drivers of neutrophil heterogeneity. Exp. Hematol. 151:104863. 
https://doi.org/10.1016/j.exphem.2025.104863

Hamarsheh, S., O. Gross, T. Brummer, and R. Zeiser. 2020. Immune modu
latory effects of oncogenic KRAS in cancer. Nat. Commun. 11:5439. https:// 
doi.org/10.1038/s41467-020-19288-6

Nogales-Pons et al. Journal of Experimental Medicine 20 of 25 
Drivers of myeloid diversity in tumors https://doi.org/10.1084/jem.20252267 

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/223/4/e20252267/2028102/jem
_20252267.pdf by guest on 15 M

arch 2026

https://doi.org/10.1136/jitc-2021-003402
https://doi.org/10.1136/jitc-2021-003402
https://doi.org/10.1016/j.molcel.2023.04.017
https://doi.org/10.1016/j.molcel.2023.04.017
https://doi.org/10.7554/eLife.59258
https://doi.org/10.7554/eLife.59258
https://doi.org/10.1016/j.cell.2024.09.016
https://doi.org/10.1016/j.cell.2024.09.016
https://doi.org/10.18632/oncotarget.9139
https://doi.org/10.18632/oncotarget.9139
https://doi.org/10.1084/jem.20240766
https://doi.org/10.1038/s41467-025-56546-x
https://doi.org/10.1038/s41590-022-01388-8
https://doi.org/10.1016/j.cell.2016.11.038
https://doi.org/10.1016/j.cell.2016.11.038
https://doi.org/10.1002/JLB.MR0318-104R
https://doi.org/10.1002/JLB.MR0318-104R
https://doi.org/10.1172/JCI191939
https://doi.org/10.1126/sciimmunol.adn3080
https://doi.org/10.1126/sciimmunol.adn3080
https://doi.org/10.1126/sciimmunol.adk3981
https://doi.org/10.1073/pnas.1800431115
https://doi.org/10.1073/pnas.1800431115
https://doi.org/10.1007/s12672-024-01643-4
https://doi.org/10.1038/s41586-024-08257-4
https://doi.org/10.1158/2159-8290.CD-23-1380
https://doi.org/10.1158/2159-8290.CD-23-1380
https://doi.org/10.1016/j.immuni.2018.02.002
https://doi.org/10.1038/s41586-022-04785-z
https://doi.org/10.1016/j.ctro.2022.04.003
https://doi.org/10.1016/j.ctro.2022.04.003
https://doi.org/10.1038/s41590-024-01859-0
https://doi.org/10.1038/s41590-024-01859-0
https://doi.org/10.1007/s00011-023-01737-9
https://doi.org/10.1007/s00011-023-01737-9
https://doi.org/10.1016/j.ccell.2024.08.020
https://doi.org/10.1016/j.ccell.2025.04.007
https://doi.org/10.1038/s41467-022-28407-4
https://doi.org/10.1038/s41467-022-28407-4
https://doi.org/10.1038/s41556-023-01291-w
https://doi.org/10.1016/j.ccell.2025.07.005
https://doi.org/10.1016/j.ccell.2025.07.005
https://doi.org/10.1038/s41586-025-09655-y
https://doi.org/10.1016/j.cell.2023.02.032
https://doi.org/10.1038/s41586-023-06696-z
https://doi.org/10.1038/sj.emboj.7600948
https://doi.org/10.1038/sj.emboj.7600948
https://doi.org/10.1038/s41467-020-16890-6
https://doi.org/10.1038/s41467-020-16890-6
https://doi.org/10.1016/j.exphem.2025.104863
https://doi.org/10.1038/s41467-020-19288-6
https://doi.org/10.1038/s41467-020-19288-6


Han, H., X. Ge, S.S.B. Komakula, R. Desert, S. Das, Z. Song, W. Chen, D. 
Athavale, H. Gaskell, D. Lantvit, et al. 2023. Macrophage-derived oste
opontin (SPP1) protects from Nonalcoholic steatohepatitis. Gastroen
terology. 165:201–217. https://doi.org/10.1053/j.gastro.2023.03.228

Haque, A., M. Moriyama, K. Kubota, N. Ishiguro, M. Sakamoto, A. Chinju, K. 
Mochizuki, T. Sakamoto, N. Kaneko, R. Munemura, et al. 2019. CD206(+) 
tumor-associated macrophages promote proliferation and invasion in 
oral squamous cell carcinoma via EGF production. Sci. Rep. 9:14611. 
https://doi.org/10.1038/s41598-019-51149-1

Hegde, S., B. Giotti, B.Y. Soong, L. Halasz, J.L. Berichel, A. Magen, B. 
Kloeckner, R. Mattiuz, M.D. Park, A. Marks, et al. 2024. Myeloid pro
genitor dysregulation fuels immunosuppressive macrophages in tu
mors. bioRxiv. https://doi.org/10.1101/2024.06.24.600383 (Preprint 
posted June 28, 2024).

Hegde, S., B. Giotti, B.Y. Soong, L. Halasz, J. Le Berichel, M.M. Schaefer, B. 
Kloeckner, R. Mattiuz, M.D. Park, A. Magen, et al. 2025. Myeloid pro
genitor dysregulation fuels immunosuppressive macrophages in tu
mours. Nature. 646:1214–1222. https://doi.org/10.1038/s41586-025-09493-y

Heimlich, J.B., P. Bhat, A.C. Parker, M.T. Jenkins, C. Vlasschaert, J. Ulloa, J.C. 
Van Amburg, C.R. Potts, S. Olson, A.J. Silver, et al. 2024. Multiomic 
profiling of human clonal hematopoiesis reveals genotype and cell- 
specific inflammatory pathway activation. Blood Adv. 8:3665–3678. 
https://doi.org/10.1182/bloodadvances.2023011445

Herbrich, S., M. Chaib, S. Anandhan, S.W. Andrewes, A. Nagarajan, B. Guan, 
N. Gandhi, J. Gilliam, M. Radovich, and P. Sharma. 2025. TET2-mutant 
clonal hematopoiesis enhances macrophage antigen presentation and 
improves immune checkpoint therapy in solid tumors. Cancer Cell. 44: 
187–202.e7. https://doi.org/10.1016/j.ccell.2025.09.011

Hoagland, D.A., P. Rodriguez-Morales, A.O. Mann, A.Y. Baez Vazquez, S. Yu, 
A. Lai, H. Kane, S.M. Dang, Y. Lin, L. Thorens, et al. 2025. Macrophage- 
derived oncostatin M repairs the lung epithelial barrier during in
flammatory damage. Science. 389:169–175. https://doi.org/10.1126/science 
.adi8828

Hochstadt, J., S. Martinez Pacheco, and M. Casanova-Acebes. 2025. Em
bracing diversity: Macrophage complexity in cancer. Trends Cancer. 11: 
351–364. https://doi.org/10.1016/j.trecan.2024.12.002

Hosseini, M., and S.M. Chan. 2025. Novel and emerging therapeutic strate
gies for clonal haematopoiesis. Haematologica. https://doi.org/10.3324/ 
haematol.2025.287443

Huang, Z., L. Zeng, Z. Ruan, Q. Zeng, H. Yan, W. Jiang, Y. Xiong, C. Zhou, H. 
Yang, L. Liu, et al. 2026. Time-of-day immunochemotherapy in non- 
small cell lung cancer: A randomized phase 3 trial. Nat. Med. https://doi 
.org/10.1038/s41591-025-04181-w

Huerga Encabo, H., I.V. Aramburu, M. Garcia-Albornoz, M. Piganeau, H. 
Wood, A. Song, A. Ferrelli, A. Sharma, C.M. Minutti, M.C. Domart, et al. 
2023. Loss of TET2 in human hematopoietic stem cells alters the de
velopment and function of neutrophils. Cell Stem Cell. 30:781–799.e9. 
https://doi.org/10.1016/j.stem.2023.05.004

Hughes, C.E., and R.J.B. Nibbs. 2018. A guide to chemokines and their re
ceptors. FEBS J. 285:2944–2971. https://doi.org/10.1111/febs.14466

Ince, L.M., C. Barnoud, L.K. Lutes, R. Pick, C. Wang, F. Sinturel, C.S. Chen, A. 
De Juan, J. Weber, S.J. Holtkamp, et al. 2023. Influence of circadian 
clocks on adaptive immunity and vaccination responses. Nat. Commun. 
14:476. https://doi.org/10.1038/s41467-023-35979-2

Isermann, T., C. Sers, C.J. Der, and B. Papke. 2025. KRAS inhibitors: Resis
tance drivers and combinatorial strategies. Trends Cancer. 11:91–116. 
https://doi.org/10.1016/j.trecan.2024.11.009

Iyer, S., S. Zhang, S. Yucel, H. Horn, S.G. Smith, F. Reinhardt, E. Hoefsmit, B. 
Assatova, J. Casado, M.C. Meinsohn, et al. 2021. Genetically defined 
syngeneic mouse models of ovarian cancer as tools for the discovery of 
combination immunotherapy. Cancer Discov. 11:384–407. https://doi 
.org/10.1158/2159-8290.CD-20-0818

Jager, P., S. Geyh, S. Twarock, R.P. Cadeddu, P. Rabes, A. Koch, U. Maus, T. 
Hesper, C. Zilkens, C. Rautenberg, et al. 2021. Acute myeloid leukemia- 
induced functional inhibition of healthy CD34+ hematopoietic stem and 
progenitor cells. Stem Cells. 39:1270–1284. https://doi.org/10.1002/stem 
.3387

Jakobsen, N.A., S. Turkalj, A.G.X. Zeng, B. Stoilova, M. Metzner, S. Rahmig, 
M.S. Nagree, S. Shah, R. Moore, B. Usukhbayar, et al. 2024. Selective 
advantage of mutant stem cells in human clonal hematopoiesis is as
sociated with attenuated response to inflammation and aging. Cell Stem 
Cell. 31:1127–1144.e17. https://doi.org/10.1016/j.stem.2024.05.010

Jiang, C., Y. Song, S. Rorive, J. Allard, E. Tika, Z. Zahedi, C. Dubois, I. Salmon, 
A. Sifrim, and C. Blanpain. 2025a. Innate immunity and the NF-kappaB 
pathway control prostate stem cell plasticity, reprogramming and 

tumor initiation. Nat. Cancer. 6:1537–1558. https://doi.org/10.1038/ 
s43018-025-00994-3

Jiang, Y., G. Mai, X. Zhao, M. Tang, P. Yang, Q. Cheng, H. Tian, Z. Niu, X. 
Wang, J. Wang, et al. 2025b. Molecular characterization and prognostic 
implications of KRAS mutations in pancreatic cancer patients: Insights 
from multi-cohort analysis. NPJ Precis. Oncol. 9:299. https://doi.org/10 
.1038/s41698-025-01087-1

Kadomoto, S., K. Izumi, and A. Mizokami. 2021. Roles of CCL2-CCR2 axis in 
the tumor microenvironment. Int. J. Mol. Sci. 22:8530. https://doi.org/ 
10.3390/ijms22168530

Kalafati, L., I. Kourtzelis, J. Schulte-Schrepping, X. Li, A. Hatzioannou, T. 
Grinenko, E. Hagag, A. Sinha, C. Has, S. Dietz, et al. 2020. Innate im
mune training of granulopoiesis promotes anti-tumor activity. Cell. 183: 
771–785.e12. https://doi.org/10.1016/j.cell.2020.09.058

Kang, Y.A., H. Paik, S.Y. Zhang, J.J. Chen, O.C. Olson, C.A. Mitchell, A. Collins, 
J.W. Swann, M.R. Warr, R. Fan, and E. Passegue. 2023. Secretory MPP3 
reinforce myeloid differentiation trajectory and amplify myeloid cell 
production. J. Exp. Med. 220:e20230088. https://doi.org/10.1084/jem 
.20230088

Kang, Y.A., E.M. Pietras, and E. Passegue. 2020. Deregulated Notch and Wnt 
signaling activates early-stage myeloid regeneration pathways in leu
kemia. J. Exp. Med. 217:jem.20190787. https://doi.org/10.1084/jem 
.20190787

Karaboue, A., P.F. Innominato, N.I. Wreglesworth, B. Duchemann, R. Adam, 
and F.A. Levi. 2024. Why does circadian timing of administration 
matter for immune checkpoint inhibitors’ efficacy? Br. J. Cancer. 131: 
783–796. https://doi.org/10.1038/s41416-024-02704-9

Karagiannidis, I., E. Salataj, E. Said Abu Egal, and E.J. Beswick. 2021. G-CSF in 
tumors: Aggressiveness, tumor microenvironment and immune cell 
regulation. Cytokine. 142:155479. https://doi.org/10.1016/j.cyto.2021.155479

Karimi, E., M.W. Yu, S.M. Maritan, L.J.M. Perus, M. Rezanejad, M. Sorin, M. 
Dankner, P. Fallah, S. Dore, D. Zuo, et al. 2023. Single-cell spatial im
mune landscapes of primary and metastatic brain tumours. Nature. 614: 
555–563. https://doi.org/10.1038/s41586-022-05680-3

Karsunky, H., H. Zeng, T. Schmidt, B. Zevnik, R. Kluge, K.W. Schmid, U. 
Duhrsen, and T. Moroy. 2002. Inflammatory reactions and severe neu
tropenia in mice lacking the transcriptional repressor Gfi1. Nat. Genet. 30: 
295–300. https://doi.org/10.1038/ng831

Kemp, S.B., N. Cheng, N. Markosyan, R. Sor, I.K. Kim, J. Hallin, J. Shoush, L. 
Quinones, N.V. Brown, J.B. Bassett, et al. 2023. Efficacy of a small- 
molecule inhibitor of KrasG12D in immunocompetent models of pan
creatic cancer. Cancer Discov. 13:298–311. https://doi.org/10.1158/2159 
-8290.CD-22-1066

Khan, N., K.A. Tran, R. Chevre, V. Locher, M. Richter, S. Sun, M. Sadeghi, E. 
Pernet, A. Herrero-Cervera, A. Grant, et al. 2025. beta-Glucan repro
grams neutrophils to promote disease tolerance against influenza A 
virus. Nat. Immunol. 26:174–187. https://doi.org/10.1038/s41590-024 
-02041-2

Kitchen, G.B.E.A. 2020. The clock gene Bmal1 inhibits macrophage motility, 
phagocytosis, and impairs defense against pneumonia. Proc. Natl. Acad. 
Sci. USA. 117:1543–1551. https://doi.org/10.1073/pnas.1915932117

Kiviaho, A., S.K. Eerola, H.M.L. Kallio, M.K. Andersen, M. Hoikka, A.M. 
Tiihonen, I. Salonen, X. Spotbeen, A. Giesen, C.T.A. Parker, et al. 2024. 
Single cell and spatial transcriptomics highlight the interaction of club- 
like cells with immunosuppressive myeloid cells in prostate cancer. Nat. 
Commun. 15:9949. https://doi.org/10.1038/s41467-024-54364-1

Kloosterman, D.J., and L. Akkari. 2023. Macrophages at the interface of the co- 
evolving cancer ecosystem. Cell. 186:1627–1651. https://doi.org/10.1016/j 
.cell.2023.02.020

Kloosterman, D.J., J. Erbani, M. Boon, M. Farber, S.M. Handgraaf, M. Ando- 
Kuri, E. Sanchez-Lopez, B. Fontein, M. Mertz, M. Nieuwland, et al. 2024. 
Macrophage-mediated myelin recycling fuels brain cancer malignancy. 
Cell. 187:5336–5356.e30. https://doi.org/10.1016/j.cell.2024.07.030

Korbecki, J., M. Bosiacki, K. Barczak, R. Lagocka, D. Chlubek, and I. Bar
anowska-Bosiacka. 2023. The clinical significance and role of CXCL1 
chemokine in gastrointestinal cancers. Cells. 12:1406. https://doi.org/10 
.3390/cells12101406

Korbecki, J., D. Siminska, M. Gassowska-Dobrowolska, J. Listos, I. Gutowska, 
D. Chlubek, and I. Baranowska-Bosiacka. 2021. Chronic and cycling 
hypoxia: Drivers of cancer chronic inflammation through HIF-1 and NF- 
kappaB activation: A review of the molecular mechanisms. Int. J. Mol. 
Sci. 22. 10701. https://doi.org/10.3390/ijms221910701

Kou, L., X. Chi, Y. Sun, C. Han, F. Wan, J. Hu, S. Yin, J. Wu, Y. Li, Q. Zhou, et al. 
2022. The circadian clock protein Rev-erbalpha provides neuroprotection 
and attenuates neuroinflammation against Parkinson’s disease via the 

Nogales-Pons et al. Journal of Experimental Medicine 21 of 25 
Drivers of myeloid diversity in tumors https://doi.org/10.1084/jem.20252267 

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/223/4/e20252267/2028102/jem
_20252267.pdf by guest on 15 M

arch 2026

https://doi.org/10.1053/j.gastro.2023.03.228
https://doi.org/10.1038/s41598-019-51149-1
https://doi.org/10.1101/2024.06.24.600383
https://doi.org/10.1038/s41586-025-09493-y
https://doi.org/10.1182/bloodadvances.2023011445
https://doi.org/10.1016/j.ccell.2025.09.011
https://doi.org/10.1126/science.adi8828
https://doi.org/10.1126/science.adi8828
https://doi.org/10.1016/j.trecan.2024.12.002
https://doi.org/10.3324/haematol.2025.287443
https://doi.org/10.3324/haematol.2025.287443
https://doi.org/10.1038/s41591-025-04181-w
https://doi.org/10.1038/s41591-025-04181-w
https://doi.org/10.1016/j.stem.2023.05.004
https://doi.org/10.1111/febs.14466
https://doi.org/10.1038/s41467-023-35979-2
https://doi.org/10.1016/j.trecan.2024.11.009
https://doi.org/10.1158/2159-8290.CD-20-0818
https://doi.org/10.1158/2159-8290.CD-20-0818
https://doi.org/10.1002/stem.3387
https://doi.org/10.1002/stem.3387
https://doi.org/10.1016/j.stem.2024.05.010
https://doi.org/10.1038/s43018-025-00994-3
https://doi.org/10.1038/s43018-025-00994-3
https://doi.org/10.1038/s41698-025-01087-1
https://doi.org/10.1038/s41698-025-01087-1
https://doi.org/10.3390/ijms22168530
https://doi.org/10.3390/ijms22168530
https://doi.org/10.1016/j.cell.2020.09.058
https://doi.org/10.1084/jem.20230088
https://doi.org/10.1084/jem.20230088
https://doi.org/10.1084/jem.20190787
https://doi.org/10.1084/jem.20190787
https://doi.org/10.1038/s41416-024-02704-9
https://doi.org/10.1016/j.cyto.2021.155479
https://doi.org/10.1038/s41586-022-05680-3
https://doi.org/10.1038/ng831
https://doi.org/10.1158/2159-8290.CD-22-1066
https://doi.org/10.1158/2159-8290.CD-22-1066
https://doi.org/10.1038/s41590-024-02041-2
https://doi.org/10.1038/s41590-024-02041-2
https://doi.org/10.1073/pnas.1915932117
https://doi.org/10.1038/s41467-024-54364-1
https://doi.org/10.1016/j.cell.2023.02.020
https://doi.org/10.1016/j.cell.2023.02.020
https://doi.org/10.1016/j.cell.2024.07.030
https://doi.org/10.3390/cells12101406
https://doi.org/10.3390/cells12101406
https://doi.org/10.3390/ijms221910701


microglial NLRP3 inflammasome. J. Neuroinflammation. 19:133. https:// 
doi.org/10.1186/s12974-022-02494-y

Kowanetz, M., X. Wu, J. Lee, M. Tan, T. Hagenbeek, X. Qu, L. Yu, J. Ross, N. 
Korsisaari, T. Cao, et al. 2010. Granulocyte-colony stimulating factor 
promotes lung metastasis through mobilization of Ly6G+Ly6C+ gran
ulocytes. Proc. Natl. Acad. Sci. USA. 107:21248–21255. https://doi.org/10 
.1073/pnas.1015855107

Koyama, S., E.A. Akbay, Y.Y. Li, A.R. Aref, F. Skoulidis, G.S. Herter-Sprie, K.A. 
Buczkowski, Y. Liu, M.M. Awad, W.L. Denning, et al. 2016. STK11/LKB1 
deficiency promotes neutrophil recruitment and proinflammatory cy
tokine production to suppress T-cell activity in the lung tumor micro
environment. Cancer Res. 76:999–1008. https://doi.org/10.1158/0008 
-5472.CAN-15-1439

Kremenovic, M., M. Schenk, and D.J. Lee. 2020. Clinical and molecular in
sights into BCG immunotherapy for melanoma. J. Intern. Med. 288: 
625–640. https://doi.org/10.1111/joim.13037

Kwok, I., E. Becht, Y. Xia, M. Ng, Y.C. Teh, L. Tan, M. Evrard, J.L.Y. Li, H.T.N. 
Tran, Y. Tan, et al. 2020. Combinatorial single-cell analyses of granulocyte- 
monocyte progenitor heterogeneity reveals an early uni-potent neutrophil 
progenitor. Immunity. 53:303–318.e5. https://doi.org/10.1016/j.immuni 
.2020.06.005

Lad, M., A.S. Beniwal, S. Jain, P. Shukla, V. Kalistratova, J. Jung, S.S. Shah, G. 
Yagnik, A. Saha, A. Sati, et al. 2024. Glioblastoma induces the recruit
ment and differentiation of dendritic-like “hybrid” neutrophils from 
skull bone marrow. Cancer Cell. 42:1549–1569.e16. https://doi.org/10 
.1016/j.ccell.2024.08.008

Lam, M.T., H. Cho, H.P. Lesch, D. Gosselin, S. Heinz, Y. Tanaka-Oishi, C. 
Benner, M.U. Kaikkonen, A.S. Kim, M. Kosaka, et al. 2013. Rev-Erbs 
repress macrophage gene expression by inhibiting enhancer-directed 
transcription. Nature. 498:511–515. https://doi.org/10.1038/nature12209

Lamarche, N.M., S. Hegde, M.D. Park, B.B. Maier, L. Troncoso, J. Le Berichel, 
P. Hamon, M. Belabed, R. Mattiuz, C. Hennequin, et al. 2024. An IL-4 
signalling axis in bone marrow drives pro-tumorigenic myelopoiesis. 
Nature. 625:166–174. https://doi.org/10.1038/s41586-023-06797-9

Landre, T., A. Karaboue, Z.S. Buchwald, P.F. Innominato, D.C. Qian, J.B. Assie, 
C. Chouaid, F. Levi, and B. Duchemann. 2024. Effect of immunotherapy- 
infusion time of day on survival of patients with advanced cancers: A 
study-level meta-analysis. ESMO Open. 9:102220. https://doi.org/10 
.1016/j.esmoop.2023.102220

Lasse-Opsahl, E.L., I. Barravecchia, E. Mclintock, J.M. Lee, S.F. Ferris, C.E. 
Espinoza, R. Hinshaw, S. Cavanaugh, M. Robotti, L. Rober, et al. 2025. 
KRASG12D drives immunosuppression in lung adenocarcinoma through 
paracrine signaling. JCI Insight. 10:e182228. https://doi.org/10.1172/jci 
.insight.182228

Launonen, I.M., N. Lyytikainen, J. Casado, E.A. Anttila, A. Szabo, U.M. Haltia, 
C.A. Jacobson, J.R. Lin, Z. Maliga, B.E. Howitt, et al. 2022. Single-cell 
tumor-immune microenvironment of BRCA1/2 mutated high-grade 
serous ovarian cancer. Nat. Commun. 13:835. https://doi.org/10.1038/ 
s41467-022-28389-3

Laviron, M., M. Petit, E. Weber-Delacroix, A.J. Combes, A.R. Arkal, S. Bar
thelemy, T. Courau, D.A. Hume, C. Combadiere, M.F. Krummel, and A. 
Boissonnas. 2022. Tumor-associated macrophage heterogeneity is 
driven by tissue territories in breast cancer. Cell Rep. 39:110865. https:// 
doi.org/10.1016/j.celrep.2022.110865

Lee, S.H., D. Lee, J. Choi, H.J. Oh, I.H. Ham, D. Ryu, S.Y. Lee, D.J. Han, S. Kim, 
Y. Moon, et al. 2025. Spatial dissection of tumour microenvironments in 
gastric cancers reveals the immunosuppressive crosstalk between 
CCL2+ fibroblasts and STAT3-activated macrophages. Gut. 74:714–727. 
https://doi.org/10.1136/gutjnl-2024-332901

Li, R., R. Salehi-Rad, W. Crosson, M. Momcilovic, R.J. Lim, S.L. Ong, Z.L. 
Huang, T. Zhang, J. Abascal, C. Dumitras, et al. 2021. Inhibition of 
granulocytic myeloid-derived suppressor cells overcomes resistance to 
immune checkpoint inhibition in LKB1-deficient non-small cell lung 
cancer. Cancer Res. 81:3295–3308. https://doi.org/10.1158/0008-5472.CAN 
-20-3564

Li, S., V. Silvestri, G. Leslie, T.R. Rebbeck, S.L. Neuhausen, J.L. Hopper, H.R. 
Nielsen, A. Lee, X. Yang, L. Mcguffog, et al. 2022. Cancer risks associated 
with BRCA1 and BRCA2 pathogenic variants. J. Clin. Oncol. 40:1529–1541. 
https://doi.org/10.1200/JCO.21.02112

Li, W., L. Pan, W. Hong, F. Ginhoux, X. Zhang, C. Xiao, and X. Li. 2024. A 
single-cell pan-cancer analysis to show the variability of tumor- 
infiltrating myeloid cells in immune checkpoint blockade. Nat. Com
mun. 15:6142. https://doi.org/10.1038/s41467-024-50478-8

Li, X., F. Qi, B. Yao, Y. Liu, and Z. Yi. 2025. BMAL1 deficiency in macrophages 
exacerbates sepsis-induced inflammatory response and organ damage 

by regulating PGC-1alpha. Am. J. Clin. Exp. Immunol. 14:86–95. https:// 
doi.org/10.62347/QCMB2857

Lin, E.Y., A.V. Nguyen, R.G. Russell, and J.W. Pollard. 2001. Colony-stimulating 
factor 1 promotes progression of mammary tumors to malignancy. J. Exp. 
Med. 193:727–740. https://doi.org/10.1084/jem.193.6.727

Linde, N., M. Casanova-Acebes, M.S. Sosa, A. Mortha, A. Rahman, E. Farias, K. 
Harper, E. Tardio, I. Reyes Torres, J. Jones, et al. 2018. Macrophages 
orchestrate breast cancer early dissemination and metastasis. Nat. 
Commun. 9:21. https://doi.org/10.1038/s41467-017-02481-5

Liu, H., Z. Liang, C. Zhou, Z. Zeng, F. Wang, T. Hu, X. He, X. Wu, X. Wu, and P. 
Lan. 2021. Mutant KRAS triggers functional reprogramming of tumor- 
associated macrophages in colorectal cancer. Signal. Transduct Target. 
Ther. 6:144. https://doi.org/10.1038/s41392-021-00534-2

Liu, M., Y. Ren, Z. Zhou, J. Yang, X. Shi, Y. Cai, A.X. Arreola, W. Luo, K.M. 
Fung, C. Xu, et al. 2024a. The crosstalk between macrophages and 
cancer cells potentiates pancreatic cancer cachexia. Cancer Cell. 42: 
885–903.e4. https://doi.org/10.1016/j.ccell.2024.03.009

Liu, S.J., C. Zou, J. Pak, A. Morse, D. Pang, T. Casey-Clyde, A.A. Borah, D. Wu, 
K. Seo, T. O’Loughlin, et al. 2024b. In vivo perturb-seq of cancer and 
microenvironment cells dissects oncologic drivers and radiotherapy 
responses in glioblastoma. Genome Biol. 25:256. https://doi.org/10.1186/ 
s13059-024-03404-6

Liu, Y., J. Han, W.H. Hsu, K.A. Labella, P. Deng, X. Shang, P. Tallon De Lara, L. 
Cai, S. Jiang, and R.A. Depinho. 2025. Combined KRAS inhibition and 
immune therapy generates durable complete responses in an autoch
thonous PDAC model. Cancer Discov. 15:162–178. https://doi.org/10.1158/ 
2159-8290.cd-24-0489

Lyu, A., Z. Fan, M. Clark, A. Lea, D. Luong, A. Setayesh, A. Starzinski, R. 
Wolters, M. Arias-Badia, K. Allaire, et al. 2025. Evolution of myeloid- 
mediated immunotherapy resistance in prostate cancer. Nature. 637: 
1207–1217. https://doi.org/10.1038/s41586-024-08290-3

Maas, R.R., K. Soukup, N. Fournier, M. Massara, S. Galland, M. Kornete, V. 
Wischnewski, J. Lourenco, D. Croci, A.F. Alvarez-Prado, et al. 2023. The 
local microenvironment drives activation of neutrophils in human brain 
tumors. Cell. 186:4546–4566.e27. https://doi.org/10.1016/j.cell.2023.08 
.043

Mackey, S.R., and S.S. Golden. 2007. Winding up the cyanobacterial circadian 
clock. Trends Microbiol. 15:381–388. https://doi.org/10.1016/j.tim.2007 
.08.005

Mahat, D.B., H. Kumra, S.A. Castro, E. Metcalf, K. Nguyen, R. Morisue, W.W. 
Ho, I. Chen, B. Sullivan, L.H. Yim, et al. 2025. Mutant p53 exploits en
hancers to elevate immunosuppressive chemokine expression and im
pair immune checkpoint inhibitors in pancreatic cancer. Immunity. 58: 
1688–1705.e9. https://doi.org/10.1016/j.immuni.2025.06.005

Marteau, V., N. Nemati, K. Handler, D. Raju, A. Kirchmair, D. Rieder, E. 
Kvalem Soto, G. Fotakis, G. De Lange, S. Carollo, et al. 2026. Single-cell 
integration and multi-modal profiling reveals phenotypes and spatial 
organization of neutrophils in colorectal cancer. Cancer Cell. 44: 
146–165.e14. https://doi.org/10.1016/j.ccell.2025.12.003

Masetti, M., R. Carriero, F. Portale, G. Marelli, N. Morina, M. Pandini, M. 
Iovino, B. Partini, M. Erreni, A. Ponzetta, et al. 2022. Lipid-loaded tumor- 
associated macrophages sustain tumor growth and invasiveness in 
prostate cancer. J. Exp. Med. 219:e20210564. https://doi.org/10.1084/jem 
.20210564

Mehta, A.K., E.M. Cheney, C.A. Hartl, C. Pantelidou, M. Oliwa, J.A. Castrillon, 
J.R. Lin, K.E. Hurst, M. De Oliveira Taveira, N.T. Johnson, et al. 2021a. 
Targeting immunosuppressive macrophages overcomes PARP inhibitor 
resistance in BRCA1-associated triple-negative breast cancer. Nat. 
Cancer. 2:66–82. https://doi.org/10.1038/s43018-020-00148-7

Mehta, A.K., S. Kadel, M.G. Townsend, M. Oliwa, and J.L. Guerriero. 2021b. 
Macrophage biology and mechanisms of immune suppression in breast 
cancer. Front. Immunol. 12:643771. https://doi.org/10.3389/fimmu.2021 
.643771

Milella, M., I. Falcone, F. Conciatori, U. Cesta Incani, A. Del Curatolo, N. In
zerilli, C.M. Nuzzo, V. Vaccaro, S. Vari, F. Cognetti, and L. Ciuffreda. 
2015. PTEN: Multiple functions in human malignant tumors. Front. 
Oncol. 5:24. https://doi.org/10.3389/fonc.2015.00024

Miller, T.E., C.A. El Farran, C.P. Couturier, Z. Chen, J.P. D’Antonio, J. Verga, 
M.A. Villanueva, L.N. Gonzalez Castro, Y.E. Tong, T.A. Saadi, et al. 2025. 
Programs, origins and immunomodulatory functions of myeloid cells in 
glioma. Nature. 640:1072–1082. https://doi.org/10.1038/s41586-025 
-08633-8

Miraki-Moud, F., F. Anjos-Afonso, K.A. Hodby, E. Griessinger, G. Rosignoli, D. 
Lillington, L. Jia, J.K. Davies, J. Cavenagh, M. Smith, et al. 2013. Acute 
myeloid leukemia does not deplete normal hematopoietic stem cells but 

Nogales-Pons et al. Journal of Experimental Medicine 22 of 25 
Drivers of myeloid diversity in tumors https://doi.org/10.1084/jem.20252267 

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/223/4/e20252267/2028102/jem
_20252267.pdf by guest on 15 M

arch 2026

https://doi.org/10.1186/s12974-022-02494-y
https://doi.org/10.1186/s12974-022-02494-y
https://doi.org/10.1073/pnas.1015855107
https://doi.org/10.1073/pnas.1015855107
https://doi.org/10.1158/0008-5472.CAN-15-1439
https://doi.org/10.1158/0008-5472.CAN-15-1439
https://doi.org/10.1111/joim.13037
https://doi.org/10.1016/j.immuni.2020.06.005
https://doi.org/10.1016/j.immuni.2020.06.005
https://doi.org/10.1016/j.ccell.2024.08.008
https://doi.org/10.1016/j.ccell.2024.08.008
https://doi.org/10.1038/nature12209
https://doi.org/10.1038/s41586-023-06797-9
https://doi.org/10.1016/j.esmoop.2023.102220
https://doi.org/10.1016/j.esmoop.2023.102220
https://doi.org/10.1172/jci.insight.182228
https://doi.org/10.1172/jci.insight.182228
https://doi.org/10.1038/s41467-022-28389-3
https://doi.org/10.1038/s41467-022-28389-3
https://doi.org/10.1016/j.celrep.2022.110865
https://doi.org/10.1016/j.celrep.2022.110865
https://doi.org/10.1136/gutjnl-2024-332901
https://doi.org/10.1158/0008-5472.CAN-20-3564
https://doi.org/10.1158/0008-5472.CAN-20-3564
https://doi.org/10.1200/JCO.21.02112
https://doi.org/10.1038/s41467-024-50478-8
https://doi.org/10.62347/QCMB2857
https://doi.org/10.62347/QCMB2857
https://doi.org/10.1084/jem.193.6.727
https://doi.org/10.1038/s41467-017-02481-5
https://doi.org/10.1038/s41392-021-00534-2
https://doi.org/10.1016/j.ccell.2024.03.009
https://doi.org/10.1186/s13059-024-03404-6
https://doi.org/10.1186/s13059-024-03404-6
https://doi.org/10.1158/2159-8290.cd-24-0489
https://doi.org/10.1158/2159-8290.cd-24-0489
https://doi.org/10.1038/s41586-024-08290-3
https://doi.org/10.1016/j.cell.2023.08.043
https://doi.org/10.1016/j.cell.2023.08.043
https://doi.org/10.1016/j.tim.2007.08.005
https://doi.org/10.1016/j.tim.2007.08.005
https://doi.org/10.1016/j.immuni.2025.06.005
https://doi.org/10.1016/j.ccell.2025.12.003
https://doi.org/10.1084/jem.20210564
https://doi.org/10.1084/jem.20210564
https://doi.org/10.1038/s43018-020-00148-7
https://doi.org/10.3389/fimmu.2021.643771
https://doi.org/10.3389/fimmu.2021.643771
https://doi.org/10.3389/fonc.2015.00024
https://doi.org/10.1038/s41586-025-08633-8
https://doi.org/10.1038/s41586-025-08633-8


induces cytopenias by impeding their differentiation. Proc. Natl. Acad. 
Sci. USA. 110:13576–13581. https://doi.org/10.1073/pnas.1301891110

Mitchell, E., M. Spencer Chapman, N. Williams, K.J. Dawson, N. Mende, E.F. 
Calderbank, H. Jung, T. Mitchell, T.H.H. Coorens, D.H. Spencer, et al. 
2022. Clonal dynamics of haematopoiesis across the human lifespan. 
Nature. 606:343–350. https://doi.org/10.1038/s41586-022-04786-y

Miyake, M., N. Nishimura, Y. Oda, T. Owari, S. Hori, Y. Morizawa, D. Gotoh, 
Y. Nakai, S. Anai, K. Torimoto, et al. 2022. Intravesical Bacillus 
Calmette-Guerin treatment-induced sleep quality deterioration in pa
tients with non-muscle invasive bladder cancer: Functional outcome 
assessment based on a questionnaire survey and actigraphy. Support 
Care Cancer. 30:887–895. https://doi.org/10.1007/s00520-021-06468-3

Molgora, M., E. Esaulova, W. Vermi, J. Hou, Y. Chen, J. Luo, S. Brioschi, M. 
Bugatti, A.S. Omodei, B. Ricci, et al. 2020. TREM2 modulation remodels 
the tumor myeloid landscape enhancing anti-PD-1 immunotherapy. 
Cell. 182:886–900.e17. https://doi.org/10.1016/j.cell.2020.07.013

Moorlag, S., N. Khan, B. Novakovic, E. Kaufmann, T. Jansen, R. Van Crevel, M. 
Divangahi, and M.G. Netea. 2020. beta-Glucan induces protective 
trained immunity against mycobacterium tuberculosis infection: A 
key role for IL-1. Cell Rep. 31:107634. https://doi.org/10.1016/j.celrep 
.2020.107634

Morales, A., D. Eidinger, and A.W. Bruce. 1976. Intracavitary Bacillus 
Calmette-Guerin in the treatment of superficial bladder tumors. J. Urol. 
116:180–183. https://doi.org/10.1016/s0022-5347(17)58737-6

Mugarza, E., F. Van Maldegem, J. Boumelha, C. Moore, S. Rana, M. Llorian 
Sopena, P. East, R. Ambler, P. Anastasiou, P. Romero-Clavijo, et al. 2022. 
Therapeutic KRAS(G12C) inhibition drives effective interferon-mediated 
antitumor immunity in immunogenic lung cancers. Sci. Adv. 8:eabm8780. 
https://doi.org/10.1126/sciadv.abm8780

Mukherjee, S., C. Garda, L. Boffa, A.R. Elia, M. Massara, M.T. Balia, D. Brina, S. 
Mosole, A. Campagnari, G.A. Cassanmagnago, et al. 2025. Tumor- 
associated neutrophil precursors impair homologous DNA repair and 
promote sensitivity to PARP inhibition. Nat. Commun. 16:6999. https:// 
doi.org/10.1038/s41467-025-61422-9

Murphy, B., T. Miyamoto, B.S. Manning, G. Mirji, A. Ugolini, T. Kannan, K. 
Hamada, Y.P. Zhu, D.T. Claiborne, L. Huang, et al. 2024. Myeloid acti
vation clears ascites and reveals IL27-dependent regression of meta
static ovarian cancer. J. Exp. Med. 221:e20231967. https://doi.org/10 
.1084/jem.20231967

Negus, R.P., G.W. Stamp, M.G. Relf, F. Burke, S.T. Malik, S. Bernasconi, P. 
Allavena, S. Sozzani, A. Mantovani, and F.R. Balkwill. 1995. The de
tection and localization of monocyte chemoattractant protein-1 (MCP-1) 
in human ovarian cancer. J. Clin. Invest. 95:2391–2396. https://doi.org/ 
10.1172/JCI117933

Netea, M.G., L.A. Joosten, E. Latz, K.H. Mills, G. Natoli, H.G. Stunnenberg, L.A. 
O’Neill, and R.J. Xavier. 2016. Trained immunity: A program of innate 
immune memory in health and disease. Science. 352:aaf1098. https://doi 
.org/10.1126/science.aaf1098

Netea, M.G., J. Quintin, and J.W. Van Der Meer. 2011. Trained immunity: A 
memory for innate host defense. Cell Host Microbe. 9:355–361. https://doi 
.org/10.1016/j.chom.2011.04.006

Ng, L.G., I. Ballesteros, M.A. Cassatella, M. Egeblad, Z.G. Fridlender, D. Gabri
lovich, Q. Gao, Z. Granot, R. Grieshaber-Bouyer, H.L. Grimes, et al. 2025a. 
From complexity to consensus: A roadmap for neutrophil classification. 
Immunity. 58:1890–1903. https://doi.org/10.1016/j.immuni.2025.07.011

Ng, L.G., Z. Liu, I. Kwok, and F. Ginhoux. 2023. Origin and heterogeneity of 
tissue myeloid cells: A focus on GMP-derived monocytes and neutrophils. 
Annu. Rev. Immunol. 41:375–404. https://doi.org/10.1146/annurev-immunol 
-081022-113627

Ng, M., D. Cerezo-Wallis, L.G. Ng, and A. Hidalgo. 2025b. Adaptations of 
neutrophils in cancer. Immunity. 58:40–58. https://doi.org/10.1016/j 
.immuni.2024.12.009

Ng, M.S.F., I. Kwok, L. Tan, C. Shi, D. Cerezo-Wallis, Y. Tan, K. Leong, G.F. 
Calvo, K. Yang, Y. Zhang, et al. 2024. Deterministic reprogramming of 
neutrophils within tumors. Science. 383:eadf6493. https://doi.org/10 
.1126/science.adf6493

Nishida, S., A. Tsuboi, A. Tanemura, T. Ito, H. Nakajima, T. Shirakata, S. Mor
imoto, F. Fujiki, N. Hosen, Y. Oji, et al. 2019. Immune adjuvant therapy 
using Bacillus Calmette-Guerin cell wall skeleton (BCG-CWS) in advanced 
malignancies: A phase 1 study of safety and immunogenicity assessments. 
Medicine. 98:e16771. https://doi.org/10.1097/MD.0000000000016771

Ostrander, E.L., A.C. Kramer, C. Mallaney, H. Celik, W.K. Koh, J. Fairchild, E. 
Haussler, C.R.C. Zhang, and G.A. Challen. 2020. Divergent effects of 
Dnmt3a and Tet2 mutations on hematopoietic progenitor cell fitness. 
Stem Cell Rep. 14:551–560. https://doi.org/10.1016/j.stemcr.2020.02.011

Ozel, I., G. Sha, A. Bedzinska, E. Pylaeva, Y. Naumova, I. Thiel, J. Antczak, A. 
Squire, M. Gunzer, G. Zelinskyy, et al. 2025. Neutrophil-specific tar
geting of STAT3 impairs tumor progression via the expansion of cyto
toxic CD8(+) T cells. Signal. Transduct Target. Ther. 10:279. https://doi 
.org/10.1038/s41392-025-02363-z

Pariollaud, M., L.K. 2020. Cancer in the fourth dimension: What is the impact 
of circadian disruption? Cancer Discov. 10:1455–1464. https://doi.org/10 
.1158/2159-8290.CD-20-0413

Park, M.D., J. Le Berichel, P. Hamon, C.M. Wilk, M. Belabed, N. Yatim, A. 
Saffon, J. Boumelha, C. Falcomata, A. Tepper, et al. 2024. Hematopoietic 
aging promotes cancer by fueling IL-1α-driven emergency myelopoie
sis. Science. 386:eadn0327. https://doi.org/10.1126/science.adn0327

Park, M.D., A. Silvin, F. Ginhoux, and M. Merad. 2022. Macrophages in health 
and disease. Cell. 185:4259–4279. https://doi.org/10.1016/j.cell.2022.10.007

Pauline, H., J.L.E. Berichel, M. Cohen, B.Y. Soong, M. Buckup, C. Hennequin, 
K.E. Lindblad, R. Mattiuz, I. Figueiredo, A. Tabachnikova, et al. 2025. 
TREM2 macrophages are associated with enhanced response to PD- 
1 blockade in human hepatocellular carcinoma. bioRxiv. https://doi.org/ 
10.1101/2025.09.09.675071 (Preprint posted September 12, 2025).

Peng, H., X. Wu, S. Liu, M. He, C. Tang, Y. Wen, C. Xie, R. Zhong, C. Li, S. 
Xiong, et al. 2023. Cellular dynamics in tumour microenvironment 
along with lung cancer progression underscore spatial and evolutionary 
heterogeneity of neutrophil. Clin. Transl Med. 13:e1340. https://doi.org/ 
10.1002/ctm2.1340

Peng, Z., C. Liu, A.R. Victor, D.Y. Cao, L.C. Veiras, E.A. Bernstein, Z. Khan, J.F. 
Giani, X. Cui, K.E. Bernstein, and D. Okwan-Duodu. 2021. Tumors ex
ploit CXCR4(hi)CD62L(lo) aged neutrophils to facilitate metastatic 
spread. Oncoimmunology. 10:1870811. https://doi.org/10.1080/2162402X 
.2020.1870811

Pereira, F., A. Ferreira, C.A. Reis, M.J. Sousa, M.J. Oliveira, and A. Preto. 2022. 
KRAS as a modulator of the inflammatory tumor microenviron
ment: Therapeutic implications. Cells. 11:398. https://doi.org/10 
.3390/cells11030398

Pich, O., E. Bernard, M. Zagorulya, A. Rowan, C. Pospori, R. Slama, H. Huerga 
Encabo, J. O’Sullivan, D. Papazoglou, P. Anastasiou, et al. 2025. Tumor- 
infiltrating clonal hematopoiesis. N. Engl. J. Med. 392:1594–1608. https:// 
doi.org/10.1056/NEJMoa2413361

Pick, R., C. Wang, Q. Zeng, Z.M. Gül, and C. Scheiermann. 2024. Circadian 
rhythms in anticancer immunity: Mechanisms and treatment oppor
tunities. Annu. Rev. Immunol. 42:83–102. https://doi.org/10.1146/annurev 
-immunol-090122-050842

Priem, B., M.M.T. Van Leent, A.J.P. Teunissen, A.M. Sofias, V.P. Mourits, L. 
Willemsen, E.D. Klein, R.S. Oosterwijk, A.E. Meerwaldt, J. Munitz, et al. 
2020. Trained immunity-promoting nanobiologic therapy suppresses 
tumor growth and potentiates checkpoint inhibition. Cell. 183: 
786–801.e19. https://doi.org/10.1016/j.cell.2020.09.059

Qian, B.Z., J. Li, H. Zhang, T. Kitamura, J. Zhang, L.R. Campion, E.A. Kaiser, 
L.A. Snyder, and J.W. Pollard. 2011. CCL2 recruits inflammatory mon
ocytes to facilitate breast-tumour metastasis. Nature. 475:222–225. 
https://doi.org/10.1038/nature10138

Qian, D.C., T. Kleber, B. Brammer, K.M. Xu, J.M. Switchenko, J.R. Janopaul- 
Naylor, J. Zhong, M.L. Yushak, R.D. Harvey, C.M. Paulos, et al. 2021. 
Effect of immunotherapy time-of-day infusion on overall survival 
among patients with advanced melanoma in the USA (MEMOIR): A 
propensity score-matched analysis of a single-centre, longitudinal study. 
Lancet Oncol. 22:1777–1786. https://doi.org/10.1016/S1470-2045(21)00546-5

Qian, J., C. Ma, Q.T. Waterbury, X. Zhi, C.S. Moon, R. Tu, H. Kobayashi, F. Wu, 
B. Zheng, Y. Zeng, et al. 2025. A CXCR4 partial agonist improves im
munotherapy by targeting immunosuppressive neutrophils and 
cancer-driven granulopoiesis. Cancer Cell. 43:1512–1529.e11. https://doi 
.org/10.1016/j.ccell.2025.06.006

Qin, R., W. Ren, G. Ya, B. Wang, J. He, S. Ren, L. Jiang, and S. Zhao. 2023. Role 
of chemokines in the crosstalk between tumor and tumor-associated 
macrophages. Clin. Exp. Med. 23:1359–1373. https://doi.org/10.1007/ 
s10238-022-00888-z

Qu, J., J. Jin, M. Zhang, and L.G. Ng. 2023. Neutrophil diversity and plasticity: 
Implications for organ transplantation. Cell Mol. Immunol. 20:993–1001. 
https://doi.org/10.1038/s41423-023-01058-1

Quin, C., E.N. Dejong, E.K. Cook, Y.Z. Luo, C. Vlasschaert, S. Sadh, A.J. 
Mcnaughton, M.M. Buttigieg, J.A. Breznik, A.E. Kennedy, et al. 2024a. 
Neutrophil-mediated innate immune resistance to bacterial pneumonia 
is dependent on Tet2 function. J. Clin. Invest. 134:e171002. https://doi 
.org/10.1172/JCI171002

Quin, C., E.N. Dejong, A.J.M. Mcnaughton, M.M. Buttigieg, S. Basrai, S. 
Abelson, M.J. Larche, M.J. Rauh, and D.M.E. Bowdish. 2024b. Chronic 

Nogales-Pons et al. Journal of Experimental Medicine 23 of 25 
Drivers of myeloid diversity in tumors https://doi.org/10.1084/jem.20252267 

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/223/4/e20252267/2028102/jem
_20252267.pdf by guest on 15 M

arch 2026

https://doi.org/10.1073/pnas.1301891110
https://doi.org/10.1038/s41586-022-04786-y
https://doi.org/10.1007/s00520-021-06468-3
https://doi.org/10.1016/j.cell.2020.07.013
https://doi.org/10.1016/j.celrep.2020.107634
https://doi.org/10.1016/j.celrep.2020.107634
https://doi.org/10.1016/s0022-5347(17)58737-6
https://doi.org/10.1126/sciadv.abm8780
https://doi.org/10.1038/s41467-025-61422-9
https://doi.org/10.1038/s41467-025-61422-9
https://doi.org/10.1084/jem.20231967
https://doi.org/10.1084/jem.20231967
https://doi.org/10.1172/JCI117933
https://doi.org/10.1172/JCI117933
https://doi.org/10.1126/science.aaf1098
https://doi.org/10.1126/science.aaf1098
https://doi.org/10.1016/j.chom.2011.04.006
https://doi.org/10.1016/j.chom.2011.04.006
https://doi.org/10.1016/j.immuni.2025.07.011
https://doi.org/10.1146/annurev-immunol-081022-113627
https://doi.org/10.1146/annurev-immunol-081022-113627
https://doi.org/10.1016/j.immuni.2024.12.009
https://doi.org/10.1016/j.immuni.2024.12.009
https://doi.org/10.1126/science.adf6493
https://doi.org/10.1126/science.adf6493
https://doi.org/10.1097/MD.0000000000016771
https://doi.org/10.1016/j.stemcr.2020.02.011
https://doi.org/10.1038/s41392-025-02363-z
https://doi.org/10.1038/s41392-025-02363-z
https://doi.org/10.1158/2159-8290.CD-20-0413
https://doi.org/10.1158/2159-8290.CD-20-0413
https://doi.org/10.1126/science.adn0327
https://doi.org/10.1016/j.cell.2022.10.007
https://doi.org/10.1101/2025.09.09.675071
https://doi.org/10.1101/2025.09.09.675071
https://doi.org/10.1002/ctm2.1340
https://doi.org/10.1002/ctm2.1340
https://doi.org/10.1080/2162402X.2020.1870811
https://doi.org/10.1080/2162402X.2020.1870811
https://doi.org/10.3390/cells11030398
https://doi.org/10.3390/cells11030398
https://doi.org/10.1056/NEJMoa2413361
https://doi.org/10.1056/NEJMoa2413361
https://doi.org/10.1146/annurev-immunol-090122-050842
https://doi.org/10.1146/annurev-immunol-090122-050842
https://doi.org/10.1016/j.cell.2020.09.059
https://doi.org/10.1038/nature10138
https://doi.org/10.1016/S1470-2045(21)00546-5
https://doi.org/10.1016/j.ccell.2025.06.006
https://doi.org/10.1016/j.ccell.2025.06.006
https://doi.org/10.1007/s10238-022-00888-z
https://doi.org/10.1007/s10238-022-00888-z
https://doi.org/10.1038/s41423-023-01058-1
https://doi.org/10.1172/JCI171002
https://doi.org/10.1172/JCI171002


TNF in the aging microenvironment exacerbates Tet2 loss-of-function 
myeloid expansion. Blood Adv. 8:4169–4180. https://doi.org/10.1182/ 
bloodadvances.2023011833

Ramirez, C.F.A., D. Taranto, M. Ando-Kuri, M.H.P. De Groot, E. Tsouri, Z. 
Huang, D. De Groot, R.J.C. Kluin, D.J. Kloosterman, J. Verheij, et al. 2024. 
Cancer cell genetics shaping of the tumor microenvironment reveals 
myeloid cell-centric exploitable vulnerabilities in hepatocellular carcino
ma. Nat. Commun. 15:2581. https://doi.org/10.1038/s41467-024-46835-2

Ray, A., K.H. Hu, K. Kersten, T. Courau, N.F. Kuhn, I. Zaleta-Linares, B. Sa
mad, A.J. Combes, and M.F. Krummel. 2025. Targeting CD206+ mac
rophages disrupts the establishment of a key antitumor immune axis. 
J. Exp. Med. 222:e20240957. https://doi.org/10.1084/jem.20240957

Reynaud, D., E. Pietras, K. Barry-Holson, A. Mir, M. Binnewies, M. Jeanne, O. 
Sala-Torra, J.P. Radich, and E. Passegue. 2011. IL-6 controls leukemic 
multipotent progenitor cell fate and contributes to chronic myeloge
nous leukemia development. Cancer Cell. 20:661–673. https://doi.org/10 
.1016/j.ccr.2011.10.012

Richards, C.D. 2013. The enigmatic cytokine oncostatin m and roles in disease. 
ISRN Inflamm. 2013:512103. https://doi.org/10.1155/2013/512103

Rodrigues, L.P., V.R. Teixeira, T. Alencar-Silva, B. Simonassi-Paiva, R.W. 
Pereira, R. Pogue, and J.L. Carvalho. 2021. Hallmarks of aging and im
munosenescence: Connecting the dots. Cytokine Growth Factor Rev. 59: 
9–21. https://doi.org/10.1016/j.cytogfr.2021.01.006

Rosenbauer, F., and D.G. Tenen. 2007. Transcription factors in myeloid de
velopment: Balancing differentiation with transformation. Nat. Rev. 
Immunol. 7:105–117. https://doi.org/10.1038/nri2024

Ross, J.B., L.M. Myers, J.J. Noh, M.M. Collins, A.B. Carmody, R.J. Messer, E. 
Dhuey, K.J. Hasenkrug, and I.L. Weissman. 2024. Depleting myeloid- 
biased haematopoietic stem cells rejuvenates aged immunity. Nature. 
628:162–170. https://doi.org/10.1038/s41586-024-07238-x

Saglimbeni, J., E. Esteva, J. Canales, O.A. Perez, A. Eichinger, W. Huntley, 
K.M. Khanna, I. Dolgalev, N. Klar, S. Adams, and B. Reizis. 2025. Peri
tumoral macrophages recruit eosinophils to promote antitumor im
mune responses in breast cancer. Proc. Natl. Acad. Sci. USA. 122: 
e2504645122. https://doi.org/10.1073/pnas.2504645122

Samstein, R.M., C. Krishna, X. Ma, X. Pei, K.W. Lee, V. Makarov, F. Kuo, J. 
Chung, R.M. Srivastava, T.A. Purohit, et al. 2021. Mutations in BRCA1 
and BRCA2 differentially affect the tumor microenvironment and re
sponse to checkpoint blockade immunotherapy. Nat. Cancer. 1: 
1188–1203. https://doi.org/10.1038/s43018-020-00139-8

Sandhu, S.K., K. Papadopoulos, P.C. Fong, A. Patnaik, C. Messiou, D. Olmos, G. 
Wang, B.J. Tromp, T.A. Puchalski, F. Balkwill, et al. 2013. A first-in- 
human, first-in-class, phase I study of carlumab (CNTO 888), a human 
monoclonal antibody against CC-chemokine ligand 2 in patients with 
solid tumors. Cancer Chemother. Pharmacol. 71:1041–1050. https://doi 
.org/10.1007/s00280-013-2099-8

Sanmiguel, J.M., E. Eudy, M.A. Loberg, K.A. Young, J.J. Mistry, K.D. Mujica, 
L.S. Schwartz, T.M. Stearns, G.A. Challen, and J.J. Trowbridge. 2022. 
Distinct tumor necrosis factor alpha receptors dictate stem cell fitness 
versus lineage output in dnmt3a-mutant clonal hematopoiesis. Cancer 
Discov. 12:2763–2773. https://doi.org/10.1158/2159-8290.CD-22-0086

Schlechter, B.L., and J. Stebbing. 2024. CCR5 and CCL5 in metastatic colorectal 
cancer. J. Immunother. Cancer. 12:e008722. https://doi.org/10.1136/jitc 
-2023-008722

Schlecker, E., A. Stojanovic, C. Eisen, C. Quack, C.S. Falk, V. Umansky, and A. 
Cerwenka. 2012. Tumor-infiltrating monocytic myeloid-derived sup
pressor cells mediate CCR5-dependent recruitment of regulatory T cells 
favoring tumor growth. J. Immunol. 189:5602–5611. https://doi.org/10 
.4049/jimmunol.1201018

Schleicher, W.E., B. Hoag, M. De Dominici, J. Degregori, and E.M. Pietras. 
2024. CHIP: A clonal odyssey of the bone marrow niche. J. Clin. Invest. 
134:e180068. https://doi.org/10.1172/JCI180068

Serrano, M., and M.A. Blasco. 2007. Cancer and ageing: Convergent and di
vergent mechanisms. Nat. Rev. Mol. Cell Biol. 8:715–722. https://doi.org/ 
10.1038/nrm2242

Shackelford, D.B., and R.J. Shaw. 2009. The LKB1-AMPK pathway: Metabo
lism and growth control in tumour suppression. Nat. Rev. Cancer. 9: 
563–575. https://doi.org/10.1038/nrc2676

Shang, A., C. Gu, C. Zhou, Y. Yang, C. Chen, B. Zeng, J. Wu, W. Lu, W. Wang, Z. 
Sun, and D. Li. 2020. Exosomal KRAS mutation promotes the formation 
of tumor-associated neutrophil extracellular traps and causes deterio
ration of colorectal cancer by inducing IL-8 expression. Cell Commun. 
Signal. 18:52. https://doi.org/10.1186/s12964-020-0517-1

Sheban, F., T.S. Phan, K. Xie, F. Ingelfinger, C. Gur, Y. Shapir Itai, R. Blecher- 
Gonen, C. Yu, R. Avellino, P. Chalan, et al. 2025. ZEB2 is a master switch 

controlling the tumor-associated macrophage program. Cancer Cell. 43: 
1227–1241.e11. https://doi.org/10.1016/j.ccell.2025.03.021

Shim, D.W., J.C. Eo, S. Kim, I. Hwang, B. Nam, J.E. Shin, S.H. Han, and J.W. Yu. 
2024. Deficiency of circadian clock gene Bmal1 exacerbates non
canonical inflammasome-mediated pyroptosis and lethality via Rev- 
erbalpha-C/EBPbeta-SAA1 axis. Exp. Mol. Med. 56:370–382. https://doi 
.org/10.1038/s12276-024-01162-w

Singh, S.K., M.K. Mishra, B.M. Rivers, J.B. Gordetsky, S. Bae, and R. Singh. 
2020. Biological and clinical significance of the CCR5/CCL5 axis in he
patocellular carcinoma. Cancers (Basel). 12:883. https://doi.org/10.3390/ 
cancers12040883

Skoulidis, F., and J.V. Heymach. 2019. Co-occurring genomic alterations in 
non-small-cell lung cancer biology and therapy. Nat. Rev. Cancer. 19: 
495–509. https://doi.org/10.1038/s41568-019-0179-8

Spencer Chapman, M., C.M. Wilk, S. Boettcher, E. Mitchell, K. Dawson, N. 
Williams, J. Muller, L. Kovtonyuk, H. Jung, F. Caiado, et al. 2024. Clonal 
dynamics after allogeneic haematopoietic cell transplantation. Nature. 
635:926–934. https://doi.org/10.1038/s41586-024-08128-y

Swann, J.W., O.C. Olson, and E. Passegue. 2024. Made to order: Emergency 
myelopoiesis and demand-adapted innate immune cell production. Nat. 
Rev. Immunol. 24:596–613. https://doi.org/10.1038/s41577-024-00998-7

Tap, W.D., A.S. Singh, S.P. Anthony, M. Sterba, C. Zhang, J.H. Healey, B. 
Chmielowski, A.L. Cohn, G.I. Shapiro, V.L. Keedy, et al. 2022. Results 
from phase I extension study assessing pexidartinib treatment in six 
cohorts with solid tumors including TGCT, and abnormal CSF1 tran
scripts in TGCT. Clin. Cancer Res. 28:298–307. https://doi.org/10.1158/ 
1078-0432.CCR-21-2007

Tarancon, R., J. Dominguez-Andres, S. Uranga, A.V. Ferreira, L.A. Groh, M. 
Domenech, F. Gonzalez-Camacho, N.P. Riksen, N. Aguilo, J. Yuste, et al. 
2020. New live attenuated tuberculosis vaccine MTBVAC induces 
trained immunity and confers protection against experimental lethal 
pneumonia. PLoS Pathog. 16:e1008404. https://doi.org/10.1371/journal 
.ppat.1008404

Thomas, J.K., H. Mir, N. Kapur, S. Bae, and S. Singh. 2019. CC chemokines are 
differentially expressed in Breast Cancer and are associated with dis
parity in overall survival. Sci. Rep. 9:4014. https://doi.org/10.1038/ 
s41598-019-40514-9

Tiedje, V., P.S. Vela, J.L. Yang, B.R. Untch, L. Boucai, A.J. Stonestrom, A.B. 
Costa, S.F. Exposito, A. Srivastava, M. Kerpelev, et al. 2024. Targetable 
treatment resistance in thyroid cancer with clonal hematopoiesis. bio
Rxiv. https://doi.org/10.1101/2024.10.10.617685 (Preprint posted Octo
ber 11, 2024).

Trzebanski, S., J.S. Kim, N. Larossi, A. Raanan, D. Kancheva, J. Bastos, M. 
Haddad, A. Solomon, E. Sivan, D. Aizik, et al. 2024. Classical monocyte 
ontogeny dictates their functions and fates as tissue macrophages. Im
munity. 57:1225–1242.e6. https://doi.org/10.1016/j.immuni.2024.06.011

Tsukaguchi, A., K. Matsumoto, A. Tamiya, M. Tamiya, M. Mori, H. Suzuki, T. 
Shiroyama, A. Miyazaki, K. Komuta, Y. Mihashi, et al. 2025. Timing of 
first pembrolizumab infusion and long-term outcomes in non-small cell 
lung cancer: A retrospective multicenter study. Eur. J. Cancer. 228: 
115748. https://doi.org/10.1016/j.ejca.2025.115748

Vadillo, E., A. Mantilla, C. Aguilar-Flores, S.G. De Leon-Rodriguez, S. Vela-Pat
ino, J. Badillo, K. Taniguchi-Ponciano, D. Marrero-Rodriguez, L. Ramirez, 
V., I.I. Leon, et al. 2023. The invasive margin of early-stage human colon 
tumors is infiltrated with neutrophils of an antitumoral phenotype. 
J. Leukoc. Biol. 114:672–683. https://doi.org/10.1093/jleuko/qiad123

Vander Velde, R., N. Yoon, V. Marusyk, A. Durmaz, A. Dhawan, D. Mir
oshnychenko, D. Lozano-Peral, B. Desai, O. Balynska, J. Poleszhuk, et al. 
2020. Resistance to targeted therapies as a multifactorial, gradual ad
aptation to inhibitor specific selective pressures. Nat. Commun. 11:2393. 
https://doi.org/10.1038/s41467-020-16212-w

Veglia, F., E. Sanseviero, and D.I. Gabrilovich. 2021. Myeloid-derived sup
pressor cells in the era of increasing myeloid cell diversity. Nat. Rev. 
Immunol. 21:485–498. https://doi.org/10.1038/s41577-020-00490-y

Vicanolo, T., A. Ozcan, J.L. Li, C. Huerta-Lopez, I. Ballesteros, A. Rubio-Ponce, 
A.C. Dumitru, J.A. Nicolas-Avila, M. Molina-Moreno, P. Reyes-Gu
tierrez, et al. 2025. Matrix-producing neutrophils populate and shield 
the skin. Nature. 641:740–748. https://doi.org/10.1038/s41586-025 
-08741-5

Vlasschaert, C., A.J.M. Mcnaughton, M. Chong, E.K. Cook, W. Hopman, B. 
Kestenbaum, C. Robinson-Cohen, J. Garland, S.M. Moran, G. Pare, et al. 
2022. Association of clonal hematopoiesis of indeterminate potential 
with worse kidney function and anemia in two cohorts of patients with 
advanced chronic kidney disease. J. Am. Soc. Nephrol. 33:985–995. 
https://doi.org/10.1681/ASN.2021060774

Nogales-Pons et al. Journal of Experimental Medicine 24 of 25 
Drivers of myeloid diversity in tumors https://doi.org/10.1084/jem.20252267 

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/223/4/e20252267/2028102/jem
_20252267.pdf by guest on 15 M

arch 2026

https://doi.org/10.1182/bloodadvances.2023011833
https://doi.org/10.1182/bloodadvances.2023011833
https://doi.org/10.1038/s41467-024-46835-2
https://doi.org/10.1084/jem.20240957
https://doi.org/10.1016/j.ccr.2011.10.012
https://doi.org/10.1016/j.ccr.2011.10.012
https://doi.org/10.1155/2013/512103
https://doi.org/10.1016/j.cytogfr.2021.01.006
https://doi.org/10.1038/nri2024
https://doi.org/10.1038/s41586-024-07238-x
https://doi.org/10.1073/pnas.2504645122
https://doi.org/10.1038/s43018-020-00139-8
https://doi.org/10.1007/s00280-013-2099-8
https://doi.org/10.1007/s00280-013-2099-8
https://doi.org/10.1158/2159-8290.CD-22-0086
https://doi.org/10.1136/jitc-2023-008722
https://doi.org/10.1136/jitc-2023-008722
https://doi.org/10.4049/jimmunol.1201018
https://doi.org/10.4049/jimmunol.1201018
https://doi.org/10.1172/JCI180068
https://doi.org/10.1038/nrm2242
https://doi.org/10.1038/nrm2242
https://doi.org/10.1038/nrc2676
https://doi.org/10.1186/s12964-020-0517-1
https://doi.org/10.1016/j.ccell.2025.03.021
https://doi.org/10.1038/s12276-024-01162-w
https://doi.org/10.1038/s12276-024-01162-w
https://doi.org/10.3390/cancers12040883
https://doi.org/10.3390/cancers12040883
https://doi.org/10.1038/s41568-019-0179-8
https://doi.org/10.1038/s41586-024-08128-y
https://doi.org/10.1038/s41577-024-00998-7
https://doi.org/10.1158/1078-0432.CCR-21-2007
https://doi.org/10.1158/1078-0432.CCR-21-2007
https://doi.org/10.1371/journal.ppat.1008404
https://doi.org/10.1371/journal.ppat.1008404
https://doi.org/10.1038/s41598-019-40514-9
https://doi.org/10.1038/s41598-019-40514-9
https://doi.org/10.1101/2024.10.10.617685
https://doi.org/10.1016/j.immuni.2024.06.011
https://doi.org/10.1016/j.ejca.2025.115748
https://doi.org/10.1093/jleuko/qiad123
https://doi.org/10.1038/s41467-020-16212-w
https://doi.org/10.1038/s41577-020-00490-y
https://doi.org/10.1038/s41586-025-08741-5
https://doi.org/10.1038/s41586-025-08741-5
https://doi.org/10.1681/ASN.2021060774


Wadley, L., X. Huang, J. Heidmann, H.Y. Lai, E. Arora, E. Soyfer, and A. 
Fleischman. 2025. Disruption of IL-10 receptor signaling promotes he
matopoietic stem cell exhaustion and clonal expansion of JAK2V617F 
mutant cells during inflammatory stress. Blood. 146:855. https://doi 
.org/10.1182/blood-2025-855

Wang, C., C. Barnoud, M. Cenerenti, M. Sun, I. Caffa, B. Kizil, R. Bill, Y. Liu, R. 
Pick, L. Garnier, et al. 2023a. Dendritic cells direct circadian anti- 
tumour immune responses. Nature. 614:136–143. https://doi.org/10 
.1038/s41586-022-05605-0

Wang, C., Q. Zeng, Z.M. Gul, S. Wang, R. Pick, P. Cheng, R. Bill, Y. Wu, S. 
Naulaerts, C. Barnoud, et al. 2024a. Circadian tumor infiltration and 
function of CD8(+) T cells dictate immunotherapy efficacy. Cell. 187: 
2690–2702.e17. https://doi.org/10.1016/j.cell.2024.04.015

Wang, L., Y. Liu, Y. Dai, X. Tang, T. Yin, C. Wang, T. Wang, L. Dong, M. Shi, J. 
Qin, et al. 2023b. Single-cell RNA-seq analysis reveals BHLHE40-driven 
pro-tumour neutrophils with hyperactivated glycolysis in pancreatic 
tumour microenvironment. Gut. 72:958–971. https://doi.org/10.1136/ 
gutjnl-2021-326070

Wang, T., J. Zhang, Y. Wang, Y. Li, L. Wang, Y. Yu, and Y. Yao. 2023c. 
Influenza-trained mucosal-resident alveolar macrophages confer long- 
term antitumor immunity in the lungs. Nat. Immunol. 24:423–438. 
https://doi.org/10.1038/s41590-023-01428-x

Wang, Y., V. Rozen, Y. Zhao, and Z. Wang. 2025. Oncogenic activation of PI K3 
CA in cancers: Emerging targeted therapies in precision oncology. Genes 
Dis. 12:101430. https://doi.org/10.1016/j.gendis.2024.101430

Wang, Z., L. Ma, Y. Meng, J. Fang, D. Xu, and Z. Lu. 2024b. The interplay of the 
circadian clock and metabolic tumorigenesis. Trends Cell Biol. 34: 
742–755. https://doi.org/10.1016/j.tcb.2023.11.004

Waugh, D.J., and C. Wilson. 2008. The interleukin-8 pathway in cancer. Clin. 
Cancer Res. 14:6735–6741. https://doi.org/10.1158/1078-0432.CCR-07-4843

Wellenstein, M.D., S.B. Coffelt, D.E.M. Duits, M.H. Van Miltenburg, M. 
Slagter, I. De Rink, L. Henneman, S.M. Kas, S. Prekovic, C.S. Hau, et al. 
2019. Loss of p53 triggers WNT-dependent systemic inflammation to 
drive breast cancer metastasis. Nature. 572:538–542. https://doi.org/10 
.1038/s41586-019-1450-6

Woeste, M.R., R. Shrestha, A.E. Geller, S. Li, D. Montoya-Durango, C. Ding, X. 
Hu, H. Li, A. Puckett, R.A. Mitchell, et al. 2023. Irreversible electro
poration augments beta-glucan induced trained innate immunity for 
the treatment of pancreatic ductal adenocarcinoma. J. Immunother. 
Cancer. 11:e006221. https://doi.org/10.1136/jitc-2022-006221

Yanez, A., S.G. Coetzee, A. Olsson, D.E. Muench, B.P. Berman, D.J. Hazelett, N. 
Salomonis, H.L. Grimes, and H.S. Goodridge. 2017. Granulocyte-monocyte 
progenitors and monocyte-dendritic cell progenitors independently pro
duce functionally distinct monocytes. Immunity. 47:890–902.e4. https:// 
doi.org/10.1016/j.immuni.2017.10.021

Yang, X., Y. Lu, J. Hang, J. Zhang, T. Zhang, Y. Huo, J. Liu, S. Lai, D. Luo, L. 
Wang, et al. 2020. Lactate-modulated immunosuppression of myeloid- 
derived suppressor cells contributes to the radioresistance of pancreatic 
cancer. Cancer Immunol. Res. 8:1440–1451. https://doi.org/10.1158/2326 
-6066.CIR-20-0111

Yeh, C.Y., K. Aguirre, O. Laveroni, S. Kim, A. Wang, B. Liang, X. Zhang, L.M. 
Han, R. Valbuena, M.C. Bassik, et al. 2024. Mapping spatial organization 
and genetic cell-state regulators to target immune evasion in ovarian 
cancer. Nat. Immunol. 25:1943–1958. https://doi.org/10.1038/s41590 
-024-01943-5

Ying, H., A.C. Kimmelman, N. Bardeesy, R. Kalluri, A. Maitra, and R.A. De
pinho. 2025. Genetics and biology of pancreatic ductal adenocarcinoma. 
Genes Dev. 39:36–63. https://doi.org/10.1101/gad.351863.124

Yonemitsu, K., C. Pan, Y. Fujiwara, Y. Miyasato, T. Shiota, H. Yano, S. Hosaka, 
K. Tamada, Y. Yamamoto, and Y. Komohara. 2022. GM-CSF derived 
from the inflammatory microenvironment potentially enhanced PD-L1 
expression on tumor-associated macrophages in human breast cancer. 
Sci. Rep. 12:12007. https://doi.org/10.1038/s41598-022-16080-y

Yoshimura, T., C. Li, Y. Wang, and A. Matsukawa. 2023. The chemokine 
monocyte chemoattractant protein-1/CCL2 is a promoter of breast 
cancer metastasis. Cell Mol. Immunol. 20:714–738. https://doi.org/10 
.1038/s41423-023-01013-0

Zhan, Y., A.M. Lew, and M. Chopin. 2019. The pleiotropic effects of the GM- 
csf rheostat on myeloid cell differentiation and function: More than a 
numbers game. Front. Immunol. 10:2679. https://doi.org/10.3389/ 
fimmu.2019.02679

Zioni, N., A.A. Bercovich, N. Chapal-Ilani, T. Bacharach, N. Rappoport, A. 
Solomon, R. Avraham, E. Kopitman, Z. Porat, M. Sacma, et al. 2023. 
Inflammatory signals from fatty bone marrow support DNMT3A driven 
clonal hematopoiesis. Nat. Commun. 14:2070. https://doi.org/10.1038/ 
s41467-023-36906-1

Zlotoff, D.A., S.L. Zhang, M.E. De Obaldia, P.R. Hess, S.P. Todd, T.D. Logan, 
and A. Bhandoola. 2011. Delivery of progenitors to the thymus limits 
T-lineage reconstitution after bone marrow transplantation. Blood. 118: 
1962–1970. https://doi.org/10.1182/blood-2010-12-324954

Nogales-Pons et al. Journal of Experimental Medicine 25 of 25 
Drivers of myeloid diversity in tumors https://doi.org/10.1084/jem.20252267 

D
ow

nloaded from
 http://rupress.org/jem

/article-pdf/223/4/e20252267/2028102/jem
_20252267.pdf by guest on 15 M

arch 2026

https://doi.org/10.1182/blood-2025-855
https://doi.org/10.1182/blood-2025-855
https://doi.org/10.1038/s41586-022-05605-0
https://doi.org/10.1038/s41586-022-05605-0
https://doi.org/10.1016/j.cell.2024.04.015
https://doi.org/10.1136/gutjnl-2021-326070
https://doi.org/10.1136/gutjnl-2021-326070
https://doi.org/10.1038/s41590-023-01428-x
https://doi.org/10.1016/j.gendis.2024.101430
https://doi.org/10.1016/j.tcb.2023.11.004
https://doi.org/10.1158/1078-0432.CCR-07-4843
https://doi.org/10.1038/s41586-019-1450-6
https://doi.org/10.1038/s41586-019-1450-6
https://doi.org/10.1136/jitc-2022-006221
https://doi.org/10.1016/j.immuni.2017.10.021
https://doi.org/10.1016/j.immuni.2017.10.021
https://doi.org/10.1158/2326-6066.CIR-20-0111
https://doi.org/10.1158/2326-6066.CIR-20-0111
https://doi.org/10.1038/s41590-024-01943-5
https://doi.org/10.1038/s41590-024-01943-5
https://doi.org/10.1101/gad.351863.124
https://doi.org/10.1038/s41598-022-16080-y
https://doi.org/10.1038/s41423-023-01013-0
https://doi.org/10.1038/s41423-023-01013-0
https://doi.org/10.3389/fimmu.2019.02679
https://doi.org/10.3389/fimmu.2019.02679
https://doi.org/10.1038/s41467-023-36906-1
https://doi.org/10.1038/s41467-023-36906-1
https://doi.org/10.1182/blood-2010-12-324954

	Myeloid diversity in tumors: Shaped by genes, location, and time
	Introduction
	Mutational drivers of myeloid heterogeneity in tumors
	Niche
	Follow the call: Key guiding factors orchestrating myeloid recruitment
	Identifying their niche: Myeloid organization hubs within tumors

	Tumor
	Neutrophil ontogeny
	Monocyte ontogeny
	Differentiated macrophage’s ontogeny
	Emergency myelopoiesis in cancer
	Epigenetic and metabolic reprogramming of the BM: Trained immunity
	CHIP reprogramming of hematopoiesis

	Time
	Cell
	Circadian immune checkpoints and therapeutic opportunities
	Chrono
	Open questions and future directions in myeloid chronobiology

	Concluding remarks
	Acknowledgments
	References


