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Abstract

While cancer immunotherapy has transformed clinical management for cancer patients, its low
response rates remain a critical challenge to be addressed. Tumor immune evasion now extends
beyond the tumor microenvironment (TME), as advanced tumors induce extramedullary
hematopoiesis (EMH) in the spleen, leading to a substantial expansion of erythroid progenitor cells
(EPCs) with potent immunosuppressive capacity. EPCs are typically transient populations in
erythroid maturation and differentiation; however, under tumor burden, they undergo profound
metabolic reprogramming that exacerbates their immunosuppressive effects. This review
examines the role and mechanisms of tumor-hijacked metabolic reprogramming in EPCs and
provides strategies for targeting this reprogramming to potentiate cancer immunotherapy. In
particular, we synthesize the metabolic interplay between EPCs, tumor cells, and immune cells,
integrating EPC metabolic reprogramming with established concepts of tumor cell metabolism and
immunometabolism. Furthermore, this review outlines future directions for the field, including
multi-modal approaches to decipher the mechanisms of EPC metabolic reprogramming, biomarker
development, and metabolism-based targeted therapies, all aimed at improving survival and

prognosis for cancer patients.
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Introduction

Cancer now represents the second leading cause of human mortality after cardiovascular
diseases" 2. This epidemic directly impedes life expectancy improvements while imposing a
substantial global public health burden, with particularly severe impacts in low- and middle-
income countries®. Immunotherapy has revolutionized cancer treatment by activating or enhancing
immune system responses to eliminate cancer cells through natural mechanisms. As a
representative class of immunotherapies, immune checkpoint inhibitors (ICIs) have significantly
advanced cancer treatment and demonstrate broad application potential across multiple cancer
types®. ICIs targeting programmed cell death protein 1/programmed death-ligand 1 (PD-1/PD-L1)
and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) signaling have been shown to
counteract tumor immune evasion and have achieved notable success in clinical practice™ °.
Despite these advances, ICI efficacy varies considerably among individuals, with durable and
effective disease control observed in only a subset of patients” 8. To address this limitation,
researchers aim to enhance ICI therapeutic outcomes by improving response rates and overcoming
primary and acquired resistance, ultimately aiming to improve prognosis for cancer patients.

Resistance to ICIs is often associated with immunosuppression within the tumor
microenvironment (TME)® !°. The TME contains multiple immunosuppressive cells and inhibitory
factors that weaken T-cell responses by suppressing T-cell proliferation or activation, thereby
facilitating tumor immune escape'!. Various myeloid cells, including tumor-associated
macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs), are recognized as
immunosuppressive cell types that mediate immunosuppression by inhibiting T cells and promote
tumor progression. In recent years, novel approaches for cancer treatment have been explored by
targeting and inhibiting the metabolism of these myeloid cells. However, immunotherapies
targeting these cells appear unable to completely cure tumors. This indicates that there are still
deficiencies in research on immunosuppressive cells. Numerous studies have shown that erythroid
progenitor cells (EPCs) are a new type of immunosuppressive cell and are at least equal to MDSCs

in immunosuppressive activity. Therefore, the metabolism of EPCs may be a key factor affecting



the efficacy of immunotherapy, further research into the mechanisms governing EPC-mediated
immunosuppression and their interactions with immune cells holds promise for the development
of novel therapeutic strategies targeting the immunometabolism.

This review synthesizes the metabolic interactions among EPCs, tumor cells, and immune
cells, integrating EPC metabolic reprogramming with tumor cell metabolism and
immunometabolism. It further proposes strategies to target EPC metabolic reprogramming for
enhancing cancer immunotherapy, offering a novel perspective on improving therapeutic efficacy
and providing a framework for the development of targeted interventions. Moreover, a deeper
understanding of the mechanisms underlying EPC metabolic reprogramming will inform the
design of metabolism-based biomarkers and support the development of synergistic treatment

approaches that combine metabolic modulation with cancer immunotherapy (Figure 1).

Development and Differentiation of EPCs

As key mediators of immunosuppression derived from the erythroid lineage, EPCs create a
self-reinforcing cycle that actively drives tumor progression'?. Human EPCs are characterized by
the surface markers CD71 and CD235a'3, mice EPCs are defined by the surface markers CD71
and Terl19. During normal development, hematopoietic stem and progenitor cells (HSPCs)
differentiate into common lymphoid progenitors (CLPs) and common myeloid progenitors
(CMPs). The latter further differentiate through the megakaryocyte-erythroid progenitor (MEP)
stage into EPCs, ultimately producing mature erythrocytes'#. In contrast, MDSCs are defined as a
heterogeneous population of myeloid cells originating from altered myelopoiesis in the bone
marrow and secondary lymphoid organs, where their maturation is blocked, and from the
reprogramming of mature myeloid cells in peripheral tissues'> '6. These altered differentiation
stages collectively result from dysregulated myelopoiesis and developmental disruption. A
fundamental characteristic of these heterogeneous myeloid cells is immunosuppressive capacity
under the pathological conditions that drive their expansion!’. Beyond cancer, such conditions

include chronic inflammation and infection, autoimmunity, and allergy'®.



Under conditions that require rapid erythrocyte expansion, such as anemia, pregnancy, or
infection, erythropoiesis can occur outside the bone marrow. This extramedullary erythropoiesis
takes place in organs including the liver, spleen, and lymph nodes'®, which is called extramedullary
hematopoiesis (EMH). Cytokines and physical or chemical stresses specific to the TME can induce
changes in the function and composition of the spleen through the systemic circulatory system and
systemic immune system, thereby causing EMH in the spleen. Tumor-derived regulatory factors
and anemia commonly observed in cancer patients promote hematopoiesis, leading to abundant
EPCs generation and recruitment into the spleen or infiltration into the TME'*2°, Based on surface
markers and functional properties, EPCs are categorized into two distinct subsets, CD45" EPCs
and CD45~ EPCs. The CD45* subset primarily suppresses T cell immune responses?!. In mice
tumor-bearing models, CD45" EPCs significantly outnumber regulatory T cells (Tregs) and are
considered to possess immunosuppressive potency at least comparable to that of MDSCs. Given
that their abundance exceeds that of MDSCs by more than threefold, CD45" EPCs are regarded as
a potentially more potent immunosuppressive population than MDSCs!®. In peripheral blood
samples from patients with hepatocellular carcinoma, CD45" EPCs are fewer in number than
monocytic MDSCs (M-MDSCs) but more abundant than polymorphonuclear MDSCs
(PMN-MDSCs) and Tregs?’. Thus, they are considered a stronger immunosuppressive cell
population than Tregs and likely play a role in human cancer immune evasion analogous to that of
MDSCs. Another population of EPCs differentiates into CD45 EPCs (Ter-cells), which participate
in immune regulation by secreting cytokines'?. The CD45" subset of EPCs exhibits a distinct
transcriptional signature, characterized by the downregulation of genes associated with reactive
oxygen species (ROS) pathways'®. Within the splenic niche, EPCs can undergo myeloid
differentiation to become erythroid-derived myeloid cells (EDMCs), resulting in the generation of
cells that inhibit anti-tumor immunity?*. Moreover, EPCs significantly contribute to resistance
against ICI-based therapies?*. Therefore, understanding EPCs-related metabolic mechanisms and
developing targeted therapeutic strategies may disrupt this vicious cycle, improve the response rate

and long-term efficacy of immunotherapy.



Metabolic Regulation of EPCs

EPCs represent a specific subpopulation in erythroid development and differentiation. Their
metabolic state during development influences both their differentiation fate and biological
functions'2. Under pathological conditions, the metabolism of EPCs becomes altered, and such
metabolic alterations may subsequently shape the formation and characteristics of the TME
(Figure 2).

Metabolic Adaptations during EPCs Expansion and Mobilization

Under physiological conditions, EPCs reside within the bone marrow niche and ultimately
differentiate into oxygen-transporting erythrocytes®. Initially, stem cell factor (SCF) secreted by
bone marrow endothelial and stromal cells binds to its receptor c-Kit, inducing EPCs proliferation
and the formation of burst-forming unit-erythroid (BFU-E)*. Subsequently, under the influence
of EPO, BFU-E further differentiate into colony-forming unit-erythroid (CFU-E)?’. Ultimately,
multiple cytokines mediate the upregulation of GATA-2 expression, driving EPCs maturation into
functional erythrocytes®.

In the tumor-bearing state, tumor-derived cytokines induce rapid expansion and accumulation
of hematopoietic stem and progenitor cells (HSPCs). Key cytokines involved include granulocyte
colony-stimulating factor (G-CSF), platelet-derived growth factor (PDGF), transforming growth
factor-B (TGF-P), and SCF. This process promotes EMH?!. Specifically, tumor-derived PDGF-BB
stimulates EPO production by targeting stromal and perivascular cells that express PDGFR-B?%,
Tumors can also promote EPO generation through tissue hypoxia and anemia. EPO is essential for
the proliferation and survival of EPCs. Upon binding to its receptor, EPO activates Janus kinases
(JAKSs) and Src family kinases, which leads to STAT protein activation and enhanced expansion
of EPCs?’. Additionally, EPO promotes erythroid differentiation of HSPCs, giving rise to CD45*
EPCs. It also enhances cell survival by upregulating Bcl-2 and Bcl-X and inhibiting apoptosis™’.
During early tumor progression, serum G-CSF levels rise’!. As a potent hematopoietic growth

factor, G-CSF plays a key role in tumor-induced hematopoiesis**. By binding to its receptor



(G-CSFR), it activates JAK-STAT signaling, primarily through STAT3 and STATS5 activation, to
mediate HSPCs expansion and differentiation: 34,

CXCLI12 is a critical component of the bone marrow stem cell niche. Under physiological
conditions, HSPCs colonize the marrow niche by binding to CXCL12 expressed on perivascular
mesenchymal cells, where they undergo further development®> *¢. In tumor-bearing hosts, G-CSF
promotes enzyme release that disrupts CXCR4-CXCL12 interactions between HSPCs and bone
marrow stromal cells. Additionally, VEGF binding to VEGFR2 on bone marrow endothelial cells
facilitates HSPCs egress. Once mobilized into circulation, HSPCs are recruited to the spleen®”°,
Metabolism of EPCs in Extramedullary Hematopoiesis

EMH serves as a compensatory hematopoietic mechanism that occurs under pathological
stress conditions such as hematopoietic insufficiency, hematopoietic disorders, tumors, anemia, or
infections*’. Tumors can induce EMH and preferentially promote myeloid cell production*!. This
is driven by the intrinsically hypoxic TME, where tumor cells secrete cytokines including HIF-1a
and elevated G-CSF levels?!" *. These circulating cytokines act on HSPCs, thereby promoting
EMH. However, due to the dense tumor stroma, erythrocytes generated through EMH fail to
infiltrate the TME and consequently cannot alleviate hypoxia. This failure perpetuates tumor-
induced EMH*. In tumor-bearing states, EMH exhibits a myeloid-biased output due to tumor-
derived GM-CSF and G-CSF, which direct HSPCs differentiation toward myeloid lineages®!.
These myeloid cells critically contribute to establishing an immunosuppressive TME. Substantial
evidence correlates elevated myeloid cell levels with poor prognosis in cancer* *. Recent studies
indicate that this tumor-induced myeloid bias in EMH is mechanistically linked to intrinsic
metabolic reprogramming of EPCs*.

EMH primarily occurs in the spleen, with HSPCs recruitment requiring multiple regulatory
factors*. Studies using orthotopic Hepal-6 hepatocellular carcinoma mouse models revealed that
splenic stromal cells upregulate CCL2 expression, which recruits circulating HSPCs to the spleen
via CCR2 binding®. To identify HSPCs colonization sites, immunohistochemical analysis

demonstrated that EPCs accumulate within the splenic intrasinusoidal space*’. Further



investigations of EMH-positive patient spleens showed significantly elevated CXCL12 expression
on red pulp sinusoidal endothelial cells*®. This facilitates EPCs niche colonization through CXCR4
binding.

The fate of HSPCs is regulated by stromal cell types constituting specialized niches®.
Consequently, activation of the splenic niche plays a critical role in EMH. Single-cell RNA
sequencing (scRNA-seq) of HSPCs isolated from bone marrow and spleen revealed that splenic
HSPCs from tumor-bearing mice exhibit upregulated inflammatory gene signatures and produce
tumor necrosis factor-o (TNF-a) compared to those from normal mice. Further studies
demonstrated that TNF-a derived from HSPCs binds to Pdgfra*/Pdgfrb* adventitial stromal (ABS)
cells expressing high levels of TNF-a receptors, inducing elevated expression of vascular cell
adhesion molecule-1 (VCAM-1) on ABS cells. This promotes HSPCs colonization in the spleen.
TNF-o. also sustains CXCL12 secretion by ABS cells, further recruiting HSPCs*. Additionally,
TNF-a secreted by CD4* T cells have been shown to induce HSPC proliferation and differentiation,
potentially contributing to splenic niche activation®!. In summary, HSPCs can activate niche cells
via inflammatory factor TNF-a expression, thereby promoting EMH. During EMH, stem cell
factor (SCF) expressed by splenic endothelial cells and Tcef21* stromal cells binds to ¢-Kit on EPCs,
inducing receptor dimerization and activation of tyrosine kinases>> **. This initiates multiple
signaling pathways that regulate EPCs development. Studies indicate that the c-Kit/SCF and EPO-
R/EPO pathways functionally synergize as key regulators of EPCs development, playing essential
roles in maintaining EPCs expansion and survival®*.

Metabolic Regulation of EPCs in the Spleen

The metabolic regulation of HSPCs relies on support from the splenic niche. In a breast cancer
mouse model, elevated circulating levels of IL-1a were observed. Further studies revealed that
tumor-derived IL-1a activates niche cells by inducing TNF-o expression in HSPCs. These
activated niche cells promote hematopoiesis by secreting various cytokines, including VCAM-1,
CXCL1, and CXCL12. Tumors also expand the splenic niche directly by inducing proliferation of
PDGFRo'/B* stromal cell populations via leukemia inhibitory factor (LIF)*°. IL-lo, which



promotes EMH, has been implicated in driving the expansion of EPCs. Notably, IL-1a stimulates
niche cells in the spleen to produce CXCL1 and CXCL12, thereby promoting the proliferation of
hematopoietic progenitor cells.

EPO promotes EPCs differentiation into mature erythrocytes by inducing expression of GATA
family transcription factors’*. However, this erythropoietic differentiation mediated by EPO is
inhibited upon CD45 expression®. CD45 dephosphorylates Src family kinases (including Fyn,
Lck, Lyn, and Hck)>®. Lyn kinase plays an important role in EPO signaling and promotes erythroid
differentiation®’. Under EPO culture conditions, co-incubation with an anti-CD45 antibody
reduced Lyn phosphorylation levels and significantly impeded EPO-induced EPCs proliferation
and erythroid differentiation®”.

Under tumor-bearing conditions, CD45" EPCs undergo myeloid differentiation. Studies in
lung cancer mouse models revealed that GM-CSF promotes lineage conversion of EPCs into
EDMCs®. Compared to CD45" EPCs from tumor-free mice, those from tumor-bearing mice
exhibit high GM-CSF receptor (GM-CSFR) expression on their surface. In vitro induction with
GM-CSF led to lineage conversion in over 80% of these cells, demonstrating that tumors induce
EPCs differentiation into EDMCs, a process mediated by GM-CSF signaling?’.

A CD45 subpopulation of EPCs, termed Ter cells, also exists. TGF-B mediates its effects
through binding to type IIl TGF-B receptor (TBR-III), which is significant for Ter cell generation’®.
Administration of TGF-B neutralizing antibodies to tumor-bearing mice inhibited Ter cell
generation in the spleen. Similarly, inoculation of TGF-B-knockout hepatocellular carcinoma cells
into mice resulted in significantly reduced Ter cell induction. Further investigations showed that
TGF-B mediates Ter cell generation through Smad3 phosphorylation®. Additionally, elevated
serum TGF-f levels in advanced cancer patients may explain the expansion of Ter cells during
late-stage tumors™.

Recombinant human EPO (rhEPO) has been used to treat anemia in cancer patients during
chemotherapy or radiotherapy. However, clinical trials have indicated adverse effects of rhEPO in

cancer therapy, which are associated with EPO-promoted Ter cell generation®. Injection of EPO



into naive mice resulted in Ter cell accumulation in the spleen. Further depletion of Ter cells using
Ter119 antibodies in LLC model mice showed that EPO-injected mice exhibited faster tumor
growth compared to controls, suggesting that EPO enhances Ter cell generation and potentially
strengthens their tumor-promoting effects®’. Gene expression profiling of Ter cells revealed
significant overexpression of artemisinin. Further studies found that serum artemisinin levels were
markedly elevated during tumor progression, whereas Smad3-deficient mice inoculated with
hepatocellular carcinoma cells exhibited reduced serum artemisinin. Splenectomy in tumor-
bearing mice nearly eliminated elevated serum artemisinin, confirming that Ter cells in the spleen

are the primary source of serum artemisinin®?.

Interplay Between EPCs and Cancer Cell Metabolism

EPCs act as collaborators in cancer progression. Beyond their intrinsic metabolic activities,
they may directly influence cancer cell metabolism. These metabolic alterations could integrate
into the broader landscape of tumor metabolic reprogramming, potentially impacting antitumor

6. Consequently, targeting EPC-mediated

immunity and contributing to therapy resistance
modulation of cancer cell metabolism may represent a critical strategy to enhance immunotherapy
efficacy and overcome cancer cell drug resistance.
CCLS5/CCRS Axis Mediates Recruitment of CD45* EPCs into the TME

CD45* EPCs mediate immunosuppression through direct cell contact and paracrine signaling,
necessitating their infiltration into the TME to exert functional effects?®. CCLS5, a critical
intercellular communication mediator, is highly expressed in the TME of multiple cancers and
promotes various protumor functions by binding to its receptor CCR5%. In a recent study using
SCC7 model mice, elevated transcriptional levels of CCL5 were detected in tumor cells. RNA
sequencing analysis of intratumoral CD45" EPCs revealed upregulated CCRS transcription, which
was further confirmed at the protein level via flow cytometry, demonstrating high CCRS5

expression on these cells. Specific blockade of CCRS significantly reduced the infiltration of

CD45* EPCs into tumors*®. These findings indicate that CD45* EPCs are recruited into the TME



via tumor-secreted CCLS5 through upregulation of CCRS5 expression.
ROS Metabolism of EPCs

ROS is generated through multiple intracellular pathways and participate in redox signaling
and oxidative stress homeostasis under physiological conditions®*. ROS generally play a
promotive role in immune responses, contributing to both innate and adaptive immunity. However,
in the high-ROS environment of the TME, ROS can also exert immunosuppressive effects and
promote tumorigenesis and angiogenesis. High ROS levels exhibit broad inhibitory effects on
immune cells. EPCs regulate ROS generation through the co-localization of galectin-3 (Gal-3) and
GARP, a surface TGF-f receptor. Gal-3 expression shows a strong positive correlation with ROS
levels. Consequently, Gal-3" EPCs exhibit significantly stronger immunosuppressive properties
compared to their Gal-3~ counterparts, primarily through the inhibition of CD4* and CD8" T-cell
proliferation®.
Arginine Metabolism of EPCs

Arginase is a manganese-centered metalloenzyme that catalyzes the conversion of L-arginine
to L-ornithine and urea, serving as a key enzyme in the urea cycle. In mammals, two arginase
isozymes exist: ARG-1, predominantly expressed in the liver, and ARG2, mainly found in the
kidneys®®. ARG overexpression plays a significant immunosuppressive role in the TME and
represents a major mechanism through which EPCs exert immunosuppression. EPCs enriched in
the placenta and umbilical cord blood show high expression of ARG-1 and PD-L1, and their
depletion in mouse models confirmed their immunosuppressive role at the maternal—fetal
interface®’. Within the TME, mediated by the granulocyte-macrophage colony-stimulating factor
receptor (GM-CSFR), EPCs can differentiate into myeloid lineages, yielding EDMCs that produce
ARG-1 and mediate immune suppression?. In the multiple myeloma (MM) TME, the proportion
of EPCs expressing ARG-1 increases, and overall ARG-1 protein levels are elevated, impairing T

cell-mediated immune responses. This impairment is significantly alleviated upon administration

of ARG inhibitors®®.



Roles of EPCs on Immunometabolism

EPCs may influence cancer cell metabolism, thereby contributing to the formation of an
immunosuppressive TME. During this process, EPCs can interact with immune cells and alter their
metabolic profiles. Such metabolic reprogramming may suppress immune cell recognition and
antigen presentation capabilities (Figure 3), ultimately exacerbating the immunosuppressive
properties of the TME'2.
CDA45" EPCs Suppress CD8* T Cells via ROS Metabolism

Similar to MDSCs, which mediate T cell immunosuppression through excessive ROS
production, ROS serve as a primary mechanism underlying CD45* EPC-mediated
immunosuppression'® ®. ROS can combine with nitric oxide (NO) to form bioactive peroxynitrite
(ONOO"), which downregulates T-cell receptor (TCR) expression and disrupts TCR complex
integrity through tyrosine nitration to nitrotyrosine (NT)’*72. When CD45* EPCs isolated from
tumor-bearing mice were co-cultured with CD8* T cells for 48 hours, a significant increase in NT
levels was observed in the T cells. This effect was abolished upon addition of the ROS inhibitor
uric acid. Further experiments demonstrated that blocking peroxynitrite reversed CD45* EPCs-
mediated suppression of CD8" T cells’*. These findings indicate that CD45* EPCs inhibit CD8* T
cell immune responses via ROS-dependent nitration of the TCR.
EDMC:s Exhibit High PD-L1 Expression

CD45* EPCs can also differentiate into myeloid lineages, giving rise to EDMCs that resemble
MDSCs. PD-1 is a co-inhibitory receptor expressed on antigen-stimulated T cells and interacts
with two ligands, PD-L1 and PD-L2. PD-L1 is primarily detected on hematopoietic and non-
hematopoietic healthy tissue cells, while PD-L2 is mainly expressed on macrophages and mast
cells™. The PD-1/PD-L1 axis mediates immune escape; EDMCs upregulate PD-L1 expression,
leading to exhaustion of CD8* T cells in the TME?. PD-L1 derived from EDMCs binds to PD-1
on CD8" T cells, inhibiting the co-stimulatory receptor CD28 and suppressing kinase activation
around the TCR, thereby inducing T cell exhaustion’. PD-L1 also inhibits the phosphoinositide

3-kinase (PI3K)/Akt pathway, suppresses T cell proliferation, promotes apoptosis, and ultimately



depletes CD8* T cells’®. Furthermore, PD-L1 impedes the release of inflammatory cytokines (e.g.,
IFN-y, IL-2, TNF-a), further compromising CD8" T cell function. Additionally, PD-L1 promotes
the development, maintenance, and function of Tregs, contributing to overall
immunosuppression’’. In cancer patients experiencing extramedullary hematopoiesis, CD45*
EPCs in the spleen are modulated by heparin-binding growth factors derived from CD45~ EPCs.
These cells migrate into tumors via the CCL5/CCRS axis and exert immunosuppression through
PD-L1%. EPCs themselves can also express PD-L1 to mediate immune suppression. During
murine pregnancy, high expression of PD-L1 and PD-L2 is observed in placental erythroid cells,
maintaining fetal tolerance. Blocking PD-L1 restores immune responsiveness during pregnancy’®.
EDMC:s Inhibit T Cells via Arginase Secretion

L-Arginine plays a crucial role in T cell metabolism. Its deficiency reduces T cell survival and
suppresses antitumor activity’’. Similar to MDSCs, EDMCs secrete ARG-1 to catabolize L-
arginine into ornithine, depleting arginine in the TME?*. Extensive research demonstrates that L-
arginine deficiency downregulates CD3( chain expression in T cells, inhibiting their proliferation®.
Furthermore, under low arginine conditions, T cells fail to upregulate cyclin D3 expression,
causing cell cycle arrest at the G0-G1 phase and consequently blocking proliferation®!. Arginine
blockade in CD4* and CD8" T cells significantly reduce proliferation, while elevated L-arginine
levels promote the serine biosynthesis pathway by upregulating intermediate metabolites. This
pathway enhances the tricarboxylic acid (TCA) cycle and subsequent oxidative phosphorylation
(OXPHOS), thereby elevating T cell energy metabolism—essential for biosynthetic processes and
immune function’® #2. Additionally, L-arginine deficiency impairs T cell differentiation and
maturation, substantially suppressing IFN-y and TNF-f secretion®. Collectively, EDMCs suppress
T cell immunity through ARG-1-mediated arginine depletion in the TME.
CD45" EPCs Induce CD8* T Cell Tolerance via Antigen Presentation

Tumor immunosuppression can be initiated through the induction of CD8" T cell tolerance.
GR-1" immature myeloid cells (IMCs) from tumor-bearing mice can uptake soluble proteins,

process them, and present antigenic epitopes on their surface, thereby inducing antigen-specific



CDS8* T cell tolerance®*. Similarly, EPCs possess the ability to uptake, process, and present antigens,
leading to CD8" T cell tolerance. Following the establishment of a murine tumor model using
MC38-OVA cells, the presence of OVA was detected on the surface of CD45" EPCs, indicating
that these cells can capture and process tumor-associated antigens. However, this study did not
elucidate whether the process is MHC-dependent or occurs through alternative pathways,
warranting further investigation”. Specifically, CD45* EPCs loaded with tumor-derived peptides
induce antigen-specific CD8" T cell tolerance. This effect is mediated by ROS and peroxynitrite
produced by CD45" EPCs, which promote nitration of tyrosine residues within TCR/CDS
molecules, ultimately driving antigen-specific T cell tolerance.
CD45 EPCs Mediate Immunosuppression via TGF-f§ Secretion

TGF-p signaling plays a dual role in cancer progression, acting as a tumor suppressor in early
stages while promoting tumor development in advanced disease. TGF- signaling contributes to
the formation of an immunosuppressive TME and facilitates cancer growth, invasion, metastasis,
recurrence, and drug resistance®. Immunofluorescence staining of tumor tissues has revealed
upregulated TGF-B expression in EPCs, suggesting their involvement in TGF-f-mediated
immunosuppression®?. TGF-B exerts broad inhibitory effects on immune cells: it downregulates
the expression of NKP30 and NKG2D on natural killer (NK) cells, impairing their cytotoxicity
and antitumor responses; it reduces dendritic cell (DC) infiltration into tumors and inhibits their
migration to lymph nodes, thereby suppressing antigen presentation; it suppresses the expression
of cytotoxic genes (e.g., perforin, granzyme, IFN-y) in CD8" T lymphocytes and inhibits T cell
proliferation®® 87, TGF-B derived from CD45~ EPCs acts on naive CD4" T cells, significantly
downregulating phosphorylation of Akt and mTOR and inhibiting their proliferation and
differentiation into effector T cells. Beyond suppressing effector cells, TGF-} also promotes the
generation of suppressive populations by inducing FOXP3 expression in CD4" T cells, promoting
their differentiation into immunosuppressive regulatory T cells®®. As immunosuppressive cells,
Tregs highly express PD-L1, playing a critical role in facilitating tumor immune escape. In

summary, CD45~ EPCs secrete TGF-B to broadly suppress T cell function and promote the



generation of immunosuppressive cells.
Targeting EPCs Metabolism to Improve Cancer Immunotherapy

Immunotherapy has significantly advanced cancer treatment, but its clinical translation
remains limited by low response rates, particularly in locally advanced patients receiving ICIs®"
% EPCs substantially contribute to ICI resistance; thus, targeting EPCs metabolism holds promise
for enhancing therapeutic efficacy and improving patient outcomes (Figure 4).
Reduce EPC abundance

Promoting EPCs to complete terminal erythroid maturation and exit the progenitor pool,
thereby reducing the pool of immature, immunosuppressive EPCs that are susceptible to myeloid
diversion and minimize the generation of EDMCs. G-CSF and GM-CSF facilitate myeloid
differentiation of EPCs and splenic HSPCs, as well as transdifferentiation of erythroid precursors
into myeloid lineages. Intervention strategies targeting GM-CSF may reverse the differentiation
direction of EPCs and alleviate tumor-induced immunosuppression’’. GATA1 is a crucial
transcription factor in erythropoiesis, regulating erythroid maturation and function at the
transcriptional level. Maintaining GATA1 homeostasis is essential for proper erythroid
development. Overexpression of GATA1 can reprogram myeloid progenitors into megakaryocytic
or erythroid lineages, demonstrating its ability to balance erythroid commitment. Inflammasomes
promote caspase-mediated cleavage of GATAl in HSPCs, leading to biased myeloid
differentiation of EPCs”?. TGF-B exerts inhibitory effects on EPCs, impeding their proliferation
and maturation while promoting myeloid-skewed differentiation®®. Inhibiting TGF-B signaling
with Smad inhibitors has been shown to restore T-cell proliferation suppressed by EPCs?2, FOX03
mutation results in hyperactivation of mTOR signaling in immature erythroblasts, causing
maturation defects. Rapamycin can effectively alleviate the inhibition of erythroid maturation®,

Inhibiting the recruitment of HSPCs to the spleen effectively attenuates EMH. The
CXCL12/CXCR4 axis and adhesion molecules critically regulate HSPC homing and mobilization,
where CXCL12/CXCR4 activation promotes HSPC retention. Concurrently, the CCL2/CCR2

signaling pathway plays a pivotal role in selectively recruiting splenic HSPCs and triggering EMH-



mediated immunosuppression®’. Blockade of the CCL2/CCR2 pathway significantly reduces
EMH, with CCR2 inhibitors combined with chemotherapy already demonstrating robust antitumor
efficacy. Low-dose sorafenib induces HSPC apoptosis to deplete splenic HSPC reservoirs, thereby
weakening EMH-driven immunosuppression. Additionally, Anemia serves as a significant inducer
of EMH and affects a considerable proportion of cancer patients. It not only directly reduces the
quality of life and survival rates of cancer patients but also promotes the proliferation of EPCs by
inducing EMH. Improving anemia can alleviate EMH and suppress EPC generation.

Block recruitment

Suppressing EPC recruitment to the TME represents a viable therapeutic strategy. Our
previous work established that splenic CD45" EPCs migrate to tumors via the CCL5—CCRS
chemokine axis, suggesting that targeting this pathway could impede EPC recruitment into the
TME. In SCC-7 tumors, where CCRS protein expression is notably high in CD45* EPCs, CCR5
blockade alone reproduced the effect of splenectomy and reduced intratumoral CD45" EPC
infiltration. However, CCRS inhibition did not substantially alter the frequency of CD45* EPCs in
the spleen. Furthermore, a combined strategy of CCRS5 blockade plus splenectomy did not
significantly further decrease tumor-infiltrating CD45* EPCs compared to CCR5 blockade alone*®.
Thus, while targeting CCRS5 can effectively inhibit the recruitment of CD45* EPCs into the TME,
it does not address the underlying cause of their expansion driven by EMH.

Targeted depletion of immunosuppressive EPCs through apoptosis induction via specific
biomarkers represents a promising strategy. Since EPCs are potential sources of erythrocytes, non-
selective targeting may lead to adverse effects such as anemia, highlighting the importance of
precise targeting. Cytotoxic drug-conjugated CD45 antibodies can clear and replace myeloid cells
in tissues, and CD71 antibodies can eliminate the immunosuppressive effects of CD71* erythroid
cells® %, Similar approaches may be applied to deplete immunosuppressive EPCs in cancer
patients. Radiation therapy promotes EPCs apoptosis by stimulating IFN-y production, and
supplementation with [FN-y effectively induces apoptosis of EPCs in the spleens of tumor-bearing

mice®!. Chemotherapeutic agents can also induce EPCs apoptosis, associated with upregulation of



Bcl-2 leading to cytochrome c release and formation of apoptotic vesicles. However, due to the
broad suppression of bone marrow cells by chemotherapy, more precise drug delivery approaches
are needed to minimize adverse effects.
Reverse metabolic reprogramming

Reversing the metabolic reprogramming of EPCs represents a key strategy for targeting EPCs
to enhance cancer immunotherapy. In the TME, EPC-mediated arginine depletion impairs
oxidative phosphorylation (OXPHOS) in T cells, thereby suppressing their proliferation and
effector functions while promoting tumor cell growth and immune evasion®’. Therefore, arginine
supplementation in the TME may offer a promising approach to alleviate EPC-driven immune
tolerance. Notably, however, arginine exerts dual roles in both promoting tumor progression and
supporting immune activation, underscoring the need for further preclinical validation of such
metabolic intervention”. Additionally, CD45* EPCs abundantly produce ROS, which significantly
influence immune escape'®. Although tumor cells maintain higher basal ROS levels and more
robust antioxidant systems compared to normal cells, T cells are poorly adapted to drastic
fluctuations in ROS within the TME®®. Excessively high or low ROS levels disrupt normal T cell
function”. Consequently, selective scavenging of ROS in the TME can effectively restore T cell
activity and improve the efficacy of immunotherapeutic approaches.
Inhibit ROS and ARG-1 pathways

EPCs highly express ARG-1, depleting arginine in the TME'*. This high ARG-1 expression is
a common feature of nearly all myeloid cells in the TME and severely impairs T-cell immune
responses'?’. Although arginine supplementation was discussed in the previous section as a
potentially beneficial strategy for antitumor immunity, it is important to note that tumor cells in

the TME also uptake arginine to support their own growth and proliferation!®!

. Therefore, arginine
supplementation alone may not achieve satisfactory clinical outcomes. Consequently, targeting
ARG-1 in myeloid cells or EPCs represents a more promising therapeutic approach. Indeed,

monoclonal antibodies against ARG-1, when combined with ICIs, have been shown to increase

CD8* T cell infiltration in the TME and enhance ICI efficacy'%?. Furthermore, RNA-seq analysis



has revealed that CD45*CD71*" EPCs possess a greater capacity for ROS production compared to
their CD45-CD71* counterparts'®, accompanied by significantly elevated expression of NADPH
oxidase 2 (NOX2), a key enzyme responsible for ROS generation'®®. The regulation of ROS within
EPCs is complex, and targeting a single signaling pathway or molecule may therefore yield limited
effects. Deeper investigation into the ROS regulatory network will provide a more solid foundation
for developing strategies that target ROS metabolism in EPCs.

Conclusion and Prospects

Immunotherapy has significantly improved clinical care for cancer patients, particularly those
with advanced disease. Enhancing the efficacy of immunotherapy is crucial for prolonging patient
survival. EPCs represent a key subpopulation in erythrocyte formation. EPCs originate from bone
marrow HSPCs and differentiate into mature erythrocytes under physiological conditions.
However, in the tumor-bearing state, erythroid differentiation of EPCs is blocked, leading to
reduced erythrocyte production and anemia, which subsequently activates compensatory
hematopoietic responses.

Under tumor-bearing conditions, hematopoiesis predominantly occurs outside the bone
marrow, a process termed EMH. The spleen is a common site of EMH and has been identified as
a major source of EPCs in tumor-bearing hosts. Within the splenic niche, EPCs differentiate into
two distinct subpopulations: CD45* EPCs and CD45 EPCs. CD45" EPCs have been extensively
studied as immunosuppressive cells that infiltrate the TME to mediate pro-tumor and
immunosuppressive responses. In contrast, CD45~ EPCs are not recruited to tumors and remain in
the spleen. Through metabolic reprogramming, EPCs influence erythroid maturation and
contribute to tumor immune escape. Within the TME, CD45* EPCs mediate immunosuppression
via ROS and arginine metabolism. The EDMCs are generated through GM-CSF-induced lineage
conversion. EDMCs highly express PD-L1 to directly suppress CD8" T cells through contact-
dependent mechanisms and secrete ARG-1 to deplete arginine in the TME, thereby inhibiting T
cell proliferation and inducing immunosuppression. Furthermore, EDMCs may also induce

antigen-specific tolerance in CD8" T cells. EPCs that do not infiltrate the TME differentiate into



CD45  EPCs under the influence of TGF-f. CD45~ EPCs remotely modulate immune responses
by secreting immunosuppressive factors such as artemisinin and TGF-. By interfering with EPCs
metabolism, it may be possible to inhibit their proliferation and differentiation, suppress lincage
conversion, and promote apoptosis, thereby restraining cancer progression.

Elucidating the Mechanisms underlying EPCs Metabolic Reprogramming

EPCs abundance positively correlates with tumor progression, including metastasis and poor
prognosis. Altered EPCs metabolism or its regulatory processes may lead to new clinical
symptoms in cancer patients, yet the relationship between these symptoms and EPC-derived
metabolites remains unclear. Although significant progress has been made in understanding EPCs
metabolism and its role in immunotherapy, translating these findings into clinical practice faces
considerable challenges. Overcoming these obstacles will require deeper investigation into the
metabolic regulation of EPCs and its underlying mechanisms. There is an urgent need to elucidate
the mechanisms governing EPCs differentiation into erythrocytes, particularly how metabolic
reprogramming influences erythroid versus myeloid fate decisions. This understanding is crucial
for developing anti-EPCs therapeutics aimed at restoring normal erythropoiesis. Furthermore,
although CD45* EPCs mediate immunosuppression through mechanisms similar to MDSCs, with
a notable capacity for inhibiting CD8* T cell function, their broader metabolic influence on other
immune cells, including NK cells and dendritic cells, remains poorly understood. The differences
in immunosuppressive mechanisms between CD45* EPCs and MDSCs also warrant clarification.
Additionally, the metabolic processes and alterations driving the conversion of CD45* EPCs to
EDMCs within the tumor microenvironment need further exploration.

Applying multi-omics technologies, particularly spatial transcriptomics and single-cell
sequencing, offers a promising avenue to uncover the metabolic and immunosuppressive
mechanisms underlying EPC function. Profiling erythroid cells at different developmental stages
may help delineate metabolic regulation during erythropoiesis and identify how metabolic
dysregulation or reprogramming contributes to immune suppression. Furthermore, as

immunosuppressive cells, EPCs may act as collaborators with cancer cells to promote tumor



progression. However, the role of EPCs in cancer recurrence and metastasis remains unclear.
Cancer metastasis includes both lymph node metastasis and distant organ spread'®. It represents
one of the most critical markers of poor prognosis and is a major cause of cancer related mortality.
Interestingly, EPCs and EDMCs are believed to function similarly to MDSCs, potentially with
even greater potency. Thus, it is reasonable to hypothesize that EPCs may contribute to malignant
progression and metastasis. Notably, metastatic cancers often exhibit stronger resistance to
immunotherapy compared to primary tumors and may undergo metabolic reprogramming to evade
immune attack and develop therapy resistance. Research in this area remains limited and warrants
further exploration.

Advances in this field necessitate the development of more physiologically relevant
preclinical models. Currently, murine models remain the primary system for studying EPCs;
however, physiological and functional differences between mice and humans represent a major
obstacle to clinical translation. A key issue is the divergence in surface markers between murine
and human EPCs, which may limit the translatability of metabolism-targeting strategies developed
in mice to clinical settings. While organ-on-a-chip systems, including tumor organoids, offer
improved in vitro modeling, they often fail to fully recapitulate systemic physiological changes
and multi-organ interactions. A more promising approach may involve multi-organ chip platforms
that simulate the systemic microenvironment of cancer patients, thereby providing a more
comprehensive model for evaluating therapeutic efficacy and biological complexity.

Exploring Biomarkers based on EPCs Metabolic Regulation

The metabolic reprogramming of EPCs profoundly influences their maturation and
differentiation, potentially altering the entire erythroid lineage. Metabolic dysregulation may
promote myeloid differentiation, thereby contributing to the formation of an immunosuppressive
TME and ultimately impairing antitumor immune responses, which could represent a key
mechanism of resistance to cancer immunotherapy. Accurately identifying and tracking metabolic
alterations and regulatory pathways in EPCs is critical for developing EPC-targeted therapies. This

aligns with the molecular mechanisms discussed earlier, as elucidating metabolic processes and



discovering associated metabolites or substrates may lead to the identification of molecular
signatures indicative of EPC metabolic dysfunction. Developing clinically relevant biomarkers for
EPC-driven metabolic reprogramming requires addressing some intertwined methodological and
conceptual barriers. Current isolation protocols, predominantly relying on flow cytometric sorting
of splenic populations, remain unsuitable for clinical translation and preclude precise lineage
tracing and ontogeny studies. Advancing robust, translation-ready isolation strategies is therefore
imperative. Equally critical is resolving the causal relationship between EPCs and immune evasion
in the TME. Should EPCs function as active drivers of immunosuppression, their recruitment
signals or aberrant metabolic byproducts represent strong biomarker candidates. If, however, EPC
accumulation is a secondary consequence of established immune escape, then EPC frequency or
phenotype itself may serve as a prognostic indicator. Clarifying this causality is essential for
rational biomarker design.

The detection of such biomarkers can be achieved through integrated multi-technology
strategies, including molecular probes and liquid biopsy, offering novel approaches for precise
monitoring. Furthermore, tracing metabolic dynamics and dysregulation in EPCs will deepen our
understanding of the underlying reprogramming mechanisms. Detecting these biomarkers could
form the basis for metabolically targeted interventions against EPCs, serve as indicators for
treatment modulation, aid in screening potential patient populations likely to benefit from therapy,
and provide insights into treatment efficacy.

Targeting EPCs Metabolism to Enhance Cancer Immunotherapy

Pharmacologic strategies aimed at EPCs offer considerable promise for clinical translation.
Antibody-drug conjugates (ADCs), which integrate the high specificity of monoclonal antibodies
with potent cytotoxic payloads, exemplify one promising direction. The development of antibodies
targeting EPC-specific surface markers, when conjugated with cytotoxic agents such as [FN-y,
facilitates the precise elimination of EPC populations while minimizing off-target effects. However,
a significant obstacle lies in the divergent biomarker profiles of EPCs between mice and humans,

including structural differences in CD45, which complicate the targeted delivery of ADC-based



therapeutics. Preclinical studies conducted in murine models may therefore encounter substantial
translational challenges when advancing to clinical trials.

Beyond direct cytotoxicity, metabolic intervention offers a compelling alternative approach.
This can be achieved by using inhibitors that target metabolic pathways underlying
immunosuppression, including those involved in arginine metabolism and intracellular ROS
accumulation, thereby reversing the associated phenotypic dysregulation in EPCs. However, many
conventional metabolic modulators lack cellular specificity, necessitating advanced delivery
systems. Nanomedicine platforms facilitate targeted drug delivery to EPCs or the splenic niche,
thereby supporting erythroid differentiation, suppressing aberrant myelopoiesis, and potentially
ameliorating anemia associated with EMH or tumor progression. ICIs have revolutionized cancer
therapy by countering immune evasion mechanisms, yet their efficacy is often limited by
compensatory immunosuppressive pathways, some of which may be mediated by EPCs
metabolism. Current research on targeting the metabolism of tumor-associated EPCs is still in its
early stages but holds promise for providing new strategies to enhance immunotherapy. In a murine
model of malignant melanoma, neutralization of EPO with specific antibodies significantly
suppressed tumor growth by inhibiting EPCs proliferation'®. Thus, anti-TGF-B therapies may
improve anemia and suppress tumors by modulating EPCs metabolism. Treatment with CD45
antibodies promotes erythroid differentiation of EPCs and inhibits the generation of
immunosuppressive EDMCs. Similarly, administration of IFN-y markedly induces apoptosis of
EPCs in the spleens of tumor-bearing mice and similarly attenuates cancer progression. Therefore,
targeting EPCs metabolism represents a promising potential strategy for cancer therapy and
immunotherapy. Notably, combined inhibition of TGF-f and immune checkpoints has
demonstrated enhanced antitumor responses. Strategic modulation of EPCs metabolism may thus
serve as a synergistic approach to improve the efficacy of ICIs. Ongoing research into EPC-
directed metabolic therapeutics is expected to open new avenues in combinatorial immunotherapy
and bring transformative advances to cancer treatment.

In summary, EPCs are increasingly recognized as novel immunosuppressive cells within the



scientific community. Metabolic targeting strategies show promise for enhancing immunotherapy
efficacy (Figure 5). Current research has identified multiple molecular targets and regulatory
mechanisms in EPCs metabolism. Nevertheless, these advances remain largely confined to
preclinical studies, with substantial hurdles impeding clinical translation. Future work must
elucidate EPCs metabolic pathways, improve drug specificity, and develop clinically viable

approaches to ultimately enhance cancer patient care and survival outcomes.
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Figure 1. EPCs regulate tumor immunity through metabolic reprogramming. During their
own maturation and differentiation, EPCs may undergo tumor-induced metabolic reprogramming.
Furthermore, via interactions with tumor cells and immune cells, EPCs can subsequently alter the
metabolism of both tumor and immune cells, thereby promoting cancer immune evasion. Targeting
EPCs metabolic reprogramming can enhance cancer immunotherapy. EPC, erythroid progenitor
cell; HPSC, hematopoietic stem cell; RBC, red blood cell; ROS, reactive oxygen species; ARG,
arginase; EDMC, erythroid-derived myeloid cell; CCLS5, c-¢ motif chemokine ligand 5.
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Figure 2. Maturation and differentiation of EPCs. EPCs represent a critical subpopulation
during erythroid differentiation. They originate in the spleen and participate in EMH under
pathological conditions. Furthermore, EPCs can infiltrate the TME and contribute to tumor
progression. EPC, erythroid progenitor cell; HPSC, hematopoietic stem cell; EPO, erythropoietin,
GM-CSF, granulocyte-macrophage colony-stimulating factor; G-CSF, granulocyte colony-
stimulating factor; PDGF, platelet-derived growth factor; TGF-p, transforming growth factor beta;
CCL2, c-c motif chemokine ligand 2; PD-L1, programmed death-ligand 1; EDMC, erythroid-

derived myeloid cell; ARG, arginase.
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Figure 3. EPCs modulate immunometabolism. EPCs can interact with immune cells and
influence their metabolic processes. Alternatively, they may remodel the immune
microenvironment by regulating their own metabolism, ultimately impacting antitumor immunity.
EPC, erythroid progenitor cell; ARG, arginase; NK, natural killer; PD-L1, programmed death-
ligand 1; PD-1, programmed death receptor 1; TGF-p, transforming growth factor beta; CTL,
cytotoxic T lymphocyte; DC, dendritic cell; Treg, regulatory T cell; TCR, T cell receptor; MDSC,
myeloid-derived suppressor cell; EDMC, erythroid-derived myeloid cell.



Targeting EPCs Metabolism
to Improve
Cancer Immunotherapy

‘—
ARG-1 =f
N .
+ 2 Arginine e'éo
T cell 36‘
)
et
@G

Figure 4. Targeting EPC metabolism to enhance cancer immunotherapy. Metabolic
reprogramming of EPCs can be targeted to reverse immunosuppressive effects, thereby
potentiating the efficacy of various cancer treatment strategies, including radiotherapy and
immunotherapy. EPC, erythroid progenitor cell; HPSC, hematopoietic stem cell; ROS, reactive
oxygen species; ARG, arginase; EDMC, erythroid-derived myeloid cell; CCLS, c-c motif

chemokine ligand 5; CCRS, c-c¢ motif chemokine receptor 5; TME, tumor microenvironment.
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Figure 5. Targeting EPCs metabolic reprogramming. A deeper understanding of the metabolic
mechanisms of EPCs and their influence on the metabolism of other cells may enable the
development of metabolism-based biomarkers for guiding clinical therapy. Additionally, targeting
EPCs metabolism could enhance the efficacy of cancer immunotherapy, ultimately improving

patient outcomes. EPC, erythroid progenitor cell; EDMC, erythroid-derived myeloid cell; ADC,

antibody-drug conjugate.



