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Abstract

Sections

Once considered to be passive oxygen carriers, erythroid cells are

now recognized as dynamic modulators of immune responses.
Erythroid progenitors and precursors, collectively known as CD71*
erythroid cells, can suppress innate and adaptive immune responsesin
neonates, in mothers during pregnancy, in chronic conditions such as
cancer and autoimmunity, and during infection with viruses, including
SARS-CoV-2 and HIV. Mature red blood cells engage pathogens directly,
scavenge chemokines, cytokines and nucleic acids, and modulate
immune functions through redox buffering and receptor-mediated
interactions. Theimmune effects of red blood cells are highly context
dependent, ranging from suppression to activation. This Review
highlights the emerging field of erythroid-immune crosstalk and its
translational potential in the settings of infection, cancer, pregnancy
and chronicinflammatory conditions.
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Introduction

Red blood cells (RBCs) are the most abundant host-derived cells in
the human body, comprising approximately 80% of all host cells
and numbering between 20 and 30 trillion in an adult human’.
Inadults, erythropoiesis originates in the bone marrow, where multi-
potent haematopoietic stem cells commit to the erythroid lineage.
Through a complex, multistep process, these progenitors mature via
terminal erythropoiesis, during which they extrude their nucleus and
organelles®. The resulting reticulocytes enter the circulation and com-
plete their final maturation stage’. The loss of nuclei and organellesis
considered an evolutionary adaptation that enhances oxygen trans-
portefficiency. Despite lacking DNA, RNA and the cellular machinery
for protein synthesis, mature RBCs retain the capacity to sense both
endogenous and exogenous inflammatory cues®. Although this may
appear paradoxical, it aligns with evolutionary precedent; nucleated
erythrocytes in non-mammalian vertebrates (such as fish and birds)
express pathogen recognition receptors, including Toll-like receptors
(TLRs), enabling themto detect pathogens, produce cytokines, upregu-
late antiviral genes and enhance phagocytosis*®. Similarly, human RBCs
can sense microbial DNA, capture pathogens and scavenge chemokines;
functions consistent with arole ininnate immunity.

In this Review, I particularly highlight how recent discoveries
regarding the immunological functions of erythroid cells are reshap-
ing our understanding of immune regulation. 1 also explore emerging
evidence suggesting that erythroid progenitors have key roles in bac-
terial and viralinfections and in tumour immune evasion. This Review
underscores the critical need for a deeper understanding of erythro-
cyte functionsin various physiological and pathological conditions to
better appreciate their involvement inimmunoregulation.

Overview of erythropoiesis and niche biology

From haematopoietic stem and progenitor cells to

committed progenitors

RBC production, or erythropoiesis, is a continuous process required to
maintainadequate haemoglobinlevels for effective oxygen delivery’.
Inmammals, erythropoiesis begins in the fetal liver from progenitors
that migrate from the yolk sac®, and later transitions to the bone mar-
row, where specialized niches termed erythroblastic islands (EBIs)
form. In humans, erythropoiesis spans approximately 2 weeks and
involves seven to eight stages across two principal phases. It begins
with haematopoietic stem and progenitor cells, which give rise to
erythroid-committed progenitors, such as burst-forming-unit eryth-
roid (BFU-E) cells, that subsequently differentiate into colony-forming-
uniterythroid (CFU-E) cells. Proerythroblasts, the first morphologically
identifiable erythroid cells, mark the onset of the second phase of
erythropoiesis. These cells subsequently mature through morpho-
logically distinct stages, including basophilic, polychromatophilic
and orthochromatic erythroblasts. Although BFU-Es and CFU-Es were
historically considered discrete progenitor stages, single-cell RNA
sequencing studies have revealed a continuum of transcriptomic
states in transit-amplifying erythroid progenitors®. Integration of
single-cell transcriptomics with cell fate assays has refined this model,
identifying a developmental trajectory from multipotent progenitors,
through erythroid-basophil-megakaryocytes-biased progenitors, to
early erythroid progenitors and committed erythroid progenitors®.
These findings suggest that early erythroid progenitors and commit-
ted erythroid progenitors correspond functionally to BFU-Es, and
CFU-Es, respectively", supporting a uni-lineage commitment model
for erythroid differentiation.

Role of EPO and HIFs

Erythropoiesis is governed by a combination of intrinsic tran-
scriptional regulators and extrinsic signals from the bone marrow
microenvironment'. The canonical regulator is erythropoietin (EPO),
ahypoxia-inducible cytokine produced primarily by renal interstitial
fibroblasts. EPO binds to its receptor (EPOR) on committed eryth-
roid progenitors to promote survival, proliferation and terminal
differentiation”. However, emerging evidence highlights amore intri-
cate regulatory network in which immune signals and inflammatory
stressors modulate erythropoietic output both at homeostasis and
during disease.

Recent studies have increasingly positioned erythropoiesis as
partofabroaderimmunometabolic networkin which oxygen sensing,
iron homeostasis and immune regulation are tightly interconnected.
EPO, classically defined as the master regulator of RBC production, is
itself subject to modulation by inflammatory cytokines, which sup-
press hypoxia-driven EPO transcription and contribute to anaemia of
inflammation™. However, accumulating evidence indicates that EPO is
not merely a downstream target of immune activation but functions
as an immunoregulatory cytokine per se. In addition to signalling
through classical EPOR homodimers on erythroid progenitors, EPO
engages EPOR-CD131 heterodimeric receptor complexes expressed on
macrophages and otherimmune cells. This activity of EPO suppresses
NF-kB-dependentinflammatory pathways, limits the production of the
pro-inflammatory mediators tumour necrosis factor (TNF), IL-6, IL-12,
IL-23 and nitric oxide (NO), and modulates macrophage differentiation
and capacity for efferocytosis''®. Through these mechanisms, EPO
shapes the local inflammatory milieu within the bone marrow niche
and peripheral tissues, thereby linking erythropoietic demand to
immune homeostasis.

This immunoregulatory role of EPO operates within a larger
hypoxia-adaptation programme coordinated by hypoxia-inducible
factors (HIFs). Hypoxia-driven HIF signalling not only governs EPO
production through HIF2a-dependent transcriptional control but
also integrates iron availability, cellular metabolism and immune
function”™. Iron-dependent regulation of HIF activity and erythroid
sensitivity to EPO, together with erythroferrone-mediated suppression
ofhepcidin, establishes abidirectional feedback circuitlinking erythro-
poietic demand with systemic iron availibility'*”. During inflammation,
activation of this axis resultsiniron sequestration withinmacrophages
and restricted erythroid iron access, a process that contributes to
nutritional immunity but simultaneously constrains RBC output™.

At the immune level, HIF-dependent metabolic reprogramming
profoundly shapes innate immune responses. Stabilization of HIF1a,
often in conjunction with mTOR signalling, promotes a shift towards
aerobic glycolysis that supports inflammatory effector functions
and underlies the establishment of trained immunity'*?°. Notably, this
hypoxia-mimetic metabolic state can be induced even under normoxic
conditions, highlighting oxygen-sensing pathways as central organ-
izers of innate immune memory?®°. Within this context, EPO signalling
through non-erythropoietic receptor complexes may function as a
counter-regulatory mechanism, restraining excessive inflammation
and balancing the heightened antimicrobial readiness imposed by
hypoxia-driven immunometabolic reprogramming®s, Collectively,
these findings position EPO at the intersection of hypoxia sensing,
iron metabolism and immune regulation, providing a mechanis-
tic framework through which anaemia, erythrocyte turnover, and
immune function are coordinately regulated during inflammation
and tissue stress.
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Innate immune factors regulate erythropoiesis

Innateimmune pathways intersect directly witherythropoiesis. Typel
and type Il interferons (IFNs), TNF, IL-6 and IL-1f3 suppress eryth-
roid output by inducing apoptosis or cell cycle arrest in erythroid
precursors” ™, partly through p53 stabilization and inhibition of GATA1
activity**. Inflammatory macrophages and dendritic cells (DCs) further
contributeto this suppression, particularly in settings of chronicinfec-
tion, autoimmunity, or cancer-associated anaemia®. In contrast to
thisinhibitory role for innate immune factors, a subset of specialized
bone marrow-resident macrophages found in EBIs — termed ‘central’
or ‘nurse’macrophages — have an essential supportiverolein erythroid
maturation, as discussed in more detail below?.

EBIs as haem havens

In EBIs, the resident nurse macrophages are surrounded by erythroid
progenitors and support the maturation of erythroid precursors*,
These macrophages promote erythroblast proliferation, survival, and
maturation by supplying critical growth factors such as EPO, insulin-like
growth factor1(IGF1) and VEGFB, while simultaneously mediating iron
recycling through phagocytosis of senescent erythrocytes and the
release of bioavailable iron for developing erythrocytes”. The spatial
organization of EBIsis therefore essential for maintaining erythroid pro-
genitor homeostasis, with adhesive interactions between macrophages
and erythroblasts fine-tuning the balance between proliferation and
terminal maturation. Under inflammatory conditions, elevated levels
of granulocyte-macrophage colony-stimulating factor (GM-CSF) and
granulocyte colony-stimulating factor (G-CSF) within the bone marrow
disrupt the niche by inducing nurse macrophages to downregulate key
adhesion molecules, including CD163 and VCAMLI, thereby impairing
EBIformation®. Loss of these supportive macrophage-erythroid inter-
actions contributesto ineffective erythropoiesis and the development
of anaemia that is observed in chronic inflammatory conditions and
in myelodysplastic syndromes™.

Beyond the bone marrow, erythroid cells encounter macrophage
populations with distinct ontogeny and activation states. In extramed-
ullary orinflamed tissues, macrophages are exposed to cytokine-rich,
hypoxic and metabolically altered environments that may favour
stress erythropoiesis and the accumulation of CD71* erythroid cells
(CECs)**. In these contexts, macrophage-CEC interactions may no
longer primarily support terminal erythroid differentiation but instead
promote the persistence of CEC populations with immunomodu-
latory properties. Thus, tissue-specific macrophage identity and
microenvironmental cues probably have a critical role in determin-
ingwhether CECs progress towards effective haematopoiesis or adopt
immune-regulatory functions during inflammation®.

Immunoregulatory roles of CECs

Erythropoiesis involves the generation of daughter cells that are
structurally and functionally distinct from their parents. This ena-
bles erythroid progenitors and precursors to rapidly acquire or lose
diversebiological properties during differentiation. In healthy adults,
erythroid progenitors are predominantly confined to the bone marrow.
However, they can emerge in the peripheral blood, spleen and liver
under certain conditions, including during the neonatal period and
in pregnancy, anaemia, stress-induced haematopoiesis and cancer**.
Although early studies suggested that erythroid progenitors might
release soluble immunosuppressive factors®*®, the immunological
roles of erythroid progenitors and precursors was, for many years,
largely underexplored. However, in 2013 we described the potent

immunosuppressive properties of erythroid progenitors and precur-
sorsinnewborns®. We defined this population as CECs based on their
expression of two markers: CD71 (the transferrin receptor) and CD235a
inhumans (or TER119 in mice), which are markers that define the eryth-
roid lineage® (Boxes 1and 2). Inaddition to these two primary markers,
CECsexpress various surface proteins throughout their developmen-
tal stages. One notable marker is CD45, a leukocyte common antigen
expressed on all nucleated haematopoietic cells, including erythroid
progenitors, but absent on mature RBCs. Based on their expression of
CD45, CECs canbe categorized into CD45" CECs and CD45 CECs, with
CD45' CECs displaying more potentimmunoregulatory functions®*$
(Fig. 1). Collectively, CECs exertimmunoregulatory effects through:
(1) cell-cell interactions (for example, via the PD1 or VISTA immune
checkpoint pathways), (2) production of soluble factors (for example,
arginase | and arginase I, transforming growth factor- (TGFf3) and
reactive oxygen species (ROS)) and (3) induction of regulatory T (T,.)
cells***~* (Fig.1). Although haem metabolism has been implicated in
immune tolerance in other contexts*, inhibition of haem oxidation did
notalter theimmunosuppressive properties of CECs”, suggesting that
haem oxygenasel (HO-1)-dependent pathways are unlikely to represent
adominant mechanism underlying CEC-mediated immune regulation.
Thefollowing sections explore the context-dependentimmunological
properties of CECs.

CECs as regulators of the neonatal immune system

The neonatal immune system differs fundamentally from that of
adults®, contributing to the increased susceptibility of newborns and
infants to systemic infections®. Although neonatal vulnerability was
once attributed to immune system immaturity*®*, a new paradigm
suggests that early life is marked by active immunosuppression®*5,

Box 1| Terminology used to describe
immature erythroid-lineage cells

Immature erythroid-lineage cells have been described using
multiple terms across the literature, including CD71" erythroid
cells (CECs), erythroid progenitor cells (EPCs) and Ter-like cells.
Although the nomenclature varies between research communities,
these terms generally refer to the same continuum of erythroid
progenitors and precursors. We use the term CECs because it
provides the most comprehensive and biologically accurate
definition. CECs encompass both CD45" erythroid progenitors
and CD45 erythroid precursors, thereby capturing the full
developmental spectrum of early erythroid cells that can
accumulate in peripheral blood and tissues during inflammation,
infection, cancer and early life.

Alternative terms have limitations. The term EPCs does
not distinguish CD45" from CD45" subsets, which differ in their
haematopoietic origin, immunomodulatory capacity and degree
of maturity. The term Ter-like cells derives from Ter119, a mouse-
specific erythroid-lineage marker; it therefore excludes human
erythroid cells and can complicate cross-species comparisons.
Thus, whereas CECs, EPCs and Ter-like cells describe overlapping
populations, CECs offers a unified terminology that aligns with
both human and murine studies and better reflects the shared
biology of erythroid progenitors and precursors.
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Box 2 | Challenges in studying human
CECs due to source, sensitivity and
assay limitations

Despite sharing similar immunomodulatory properties, human and
mouse CD71" erythroid cells (CECs) exhibit distinct phenotypical
properties. One key distinction lies in the source of CECs: most
animal studies analyse CECs derived from the spleen, bone marrow,
liver and tumour microenvironment, whereas these sources are
largely inaccessible in human studies. As a result, human analyses
are typically limited to peripheral blood CECs and, less commonly,
bone marrow-derived CECs. Tumour microenvironment-related
investigations in humans reply primarily on flow cytometry and
tissue immunofluorescence imaging, as isolating enough CECs
from tumour biopsies for functional assays is generally not feasible.
Another important difference is developmental origin: CECs
generated through fetal liver erythropoiesis in mice exhibit red cell
parameters more similar to human CECs that those generated
in the spleen’™. Our comparative studies across various models
have shown that human CECs contain a proportionally lower
frequency of CD45* CECs than their murine counterparts. This
may reflect the different sources typically sampled, peripheral
blood in humans versus spleen or liver in mice. A critical technical
distinction is that human CECs, regardless of origin, are highly
sensitive to permeabilization and RBC lysis buffers. By contrast,
mouse CECs, isolated from the spleen, liver, gut, placenta and
blood are resistant to theses reagents, which are commonly used
in standard tissue processing protocols. This sensitivity poses a
major limitation for conducting intracellular staining in human
CECs, whereas such assays are readily feasible in mouse models.
Consequently, assessing intracellular factors in human CECs has
not been possible. An exception is observed in CECs from patients
with COVID-19, which exhibit resistance to permeabilization buffers.
This has enabled quantification of intracellular arginase |, arginase Il
and artemin (ARTN) in these cells’®®. This increased resistance may
result from red blood cell membrane remodelling and structural
protein damage reported in patients with COVID-19". In addition,
owing to their fragile membrane composition, CECs, regardless of
source, cannot withstand freeze-thaw cycles. Therefore, any studies
involving CECs must be conducted on freshly isolated cells.

Rather than prioritizing pathogen elimination, the neonatal immune
system emphasizes tolerance to both pathogenic and non-pathogenic
microorganisms*”*°, Although aresistance strategy can be protective, it
often carries a highrisk of tissue damage*. Evolution has thus favoured
tolerance, which limitsimmunopathology without necessarily reducing
pathogen load. This principle extends to non-infectious inflamma-
tion, as neonates lacking tolerance mechanisms are more prone to
immune-mediated damage®'. Notably, many neonatal sepsis cases lack
any detectable infection, suggesting that dysregulated inflammation
rather than excessive microbial burdens is driving sepsis®’. Thus, fos-
tering tolerance may be essential for minimizing inflammation-related
morbidity and mortality in early life.

The physiological abundance of immunosuppressive CECs in
early life supports this model, as observed in the spleen of neonatal
mice***, Similarly, human cord blood and placenta contain a high

proportion of CECs*>*®. In human neonates, peripheral blood CECs
are most abundant during the first week of life and remain elevated
compared to adult levels through the first 6 months*>’. By contrast,
CECs are largely absent from the peripheral blood of healthy adults™.

Functional studies in neonatal mice provide strong evidence that
CECs have a direct role in shaping early-life susceptibility to infec-
tion. The physiological contraction of the CEC population during
postnatal development closely parallels the restoration of antimi-
crobial protection to adult levels”. In the early neonatal period, mice
exhibit high CEC levels and increased bacterial burdens following
infection, whereas the progressive reduction of CECs during early life
is associated with a marked decline in pathogen loads”. Importantly,
antibody-mediated partial depletion of CECs restores resistance to
infection, demonstrating that these cells are sufficient to dictate neo-
natal susceptibility®. Although macrophage-mediated clearance of
antibody-bound erythroid cells may further contribute to immune
activation in these models”, these findings support a predominant,
cell-intrinsicimmunoregulatory role for CECs during early life.

Together, these observations indicate that neonatal susceptibil-
ity to bacterial and viral infections®*****’ reflect active CEC-mediated
immunosuppression rather than intrinsicimmune immaturity”. This
transient suppression is probably physiologically advantageous,
as it limits aberrant immune activation during postnatal microbial
colonization®. However, the developmental fate of enriched neonatal
CECs in the periphery remains unclear, including whether these cells
transitioninto RBCs or other immune cell lineages.

CECs as modulators of the microbiome

Atbirth, neonates are exposed to a diverse array of maternally derived
and environmental microorganisms, primarily viathe birth canal. These
microorganisms colonize various anatomical sites and this early colo-
nization notonly drivesimmune system maturation but also educates
theimmune system to distinguish between pathogenic and commensal
microorganisms®’. Toaccommodate this microbial influx, the neonatal
immune system operates inarelatively tolerant state®. Inthe absence
of such tolerance, dysregulated innate immune responses to com-
mensals may result in excessive inflammation and tissue damage®*.
Recent work from our group has highlighted a pivotal role for CECsin
the neonatal gut of mice, where they influence microbial composition,
immune regulationand epithelial homeostasis. We found that intestinal
CECs are distinct from their splenic counterparts, showing elevated
expression of PDL1, VISTA, ROS and the gut-homing integrin a437
(ref. 63). The expression of a437 indicates local retention within the gut,
and notably, we observed evidence of extramedullary erythropoiesis
within the intestinal niches of newborns®,

Functionally, CECs are critical for maintainingimmune homeosta-
sisastheir depletionleads to heightened pro-inflammatory responses,
a decline in T, cell numbers and reduced antimicrobial peptide
expression®. These effects were microbiota dependent, present in
specific pathogen-free but not germ-free mice. CEC depletion also
caused lasting dysbiosis, particularly in females, indicating long-term
consequences of early-life CEC dysfunction®.

Beyond neonatal immunity, we also observed that CECs modulate
gut microbial composition during pregnancy. Depletion of CECs in
pregnant mice led to altered maternal microbial diversity®, indicating
a broader role for CECs in regulating host-microbiota interactions
across developmental stages. Changes inmaternal CECs may influence
offspringimmunity and predispose to dysbiosis-associated conditions,
particularly in preterm infants®*.
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These findings suggest that CECs have an essential role in shaping
the gutimmune landscape during early life. Through interactions with
myeloid cells, T,,; cellsand the developing microbial ecosystem, CECs
orchestrateimmune tolerance and limitinflammatory responses dur-
ing the critical window of postnatal colonization. Although our data
support an immune-mediated mechanism by which CECs regulate
microbial composition, additional mechanisms may also contribute.
CECs may directly influence microbial communities by modulating
nutrient availability (for example, iron and vitamin B12), epithelial
barrier function or the local metabolic environment in the gut. Future
studies will be required to define the molecular mechanisms underly-
ing CEC-mediated modulation of host-microbiota interactions and
to determine the long-term consequences of early-life CEC activity on
immune development and health outcomes.

CECs promote feto-maternal tolerance

Pregnancy is an immunologically complex process. Maternal
immune cells that have the potential to be activated by fetal antigens
must be silenced to ensure fetal survival. This is achieved by multi-
ple regulatory mechanisms, including maternal T, cells®’, immune
checkpoint pathways (for example, PDL1and T cellimmunoglobu-
lin and mucin domain containing protein 3 (TIM3)), and other fac-
tors such as decidual macrophages and human leukocyte antigen G
(HLA_G)41,66—69.

CECs can have potentimmunosuppressive properties at both the
systemic and uteroplacental levels*. Using mouse models and human
studies, we showed that CECs expand systemically and accumulate at
the feto-maternal interface during pregnancy*'. Depletion of CECsin
miceleadsto fetal resorptioninallogeneic, but not syngeneic, pregnan-
cies, highlighting arole for CECsin suppressing maternal responses to
fetal alloantigens*. Mechanistically, CECs modulate maternal immu-
nity by suppressing T cell proliferation, reducing the production of
pro-inflammatory cytokines (including IFNy, TNF and IL-6), and pro-
moting a T helper 2 (T,;2)-type immune milieu, which is crucial for
maintaining a healthy pregnancy. These effects of CECs are spatially
compartmentalized. For example, placental CECs — but not those in
peripheral blood — express high levels of PDL1 and PDL2, enabling

directsuppression of PD1* T cells. Inaddition, CECs express arginase [
and arginaseIl, whichmay deplete local L-arginine, thereby dampening
T cellfunction,amechanism also implicated intheimmunosuppressive
activity of fetal DCs™.

Depletion of CECs skews cytokine responses towards a T,1-type
response and increases leukocyte infiltration into the placenta,
exacerbating inflammation and precipitating fetal loss*.

Human studies support these findings. CECs are enriched in
healthy pregnancies and exhibit robust immunosuppressive prop-
erties, but their frequency and function are markedly diminished in
pregnant individuals with inflammatory bowel disease (IBD)*; whether
this has any adverse effects on the fetus remains to be explored. In
this context, CECs showed impaired activity, including reduced TGF3
production, and a diminished capacity to induce T, cells*’. These
deficiencies probably contribute to the heightened risk of diverse
pregnancy outcomesinIBD*.

The expansion of CECs during pregnancy appears hormonally
driven, possibly viaincreased EPO signalling. Itis possible thatinflam-
matory factors produced inIBD, such as high mobility group box pro-
tein1(HMGB1)”', may interfere with EPO-mediated induction of CECs.
Notably, despite normal EPO levels in pregnant women with IBD, CEC
frequencies remain reduced, suggesting a disruption in downstream
EPO signalling or erythroid differentiation.

Our studiesin mice further revealed that CEC depletionresultsin
increased intestinal inflammation and microbial dysbiosis, highlighting
the systemic impact of these cells™.

Given that reduced CEC frequencies have been reported in pre-
termbirths and spontaneous miscarriages®>’?, our findings reinforce
the concept that CECs have akey role in sustainingimmune tolerance
during pregnancy. Interestingly, mode of delivery, such as caesarean
section, may also influence CEC frequency and function®. Restoring or
augmenting CEC function could represent a novel immune-based cell
therapy strategy for improving pregnancy outcomes, particularly in
individuals with autoimmune or inflammatory conditions or at high risk
ofimmune-mediated pregnancy complications. Whether fetal-derived
and maternal-derived CECs differ in their immunoregulatory capac-
ity based on blood group antigens, including potential ABO isotype
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mismatch, remains unknown and represents animportant avenue for
future investigation.

CECs ininfection and cancer

Accumulating evidence indicates that expansion of CECsininflamma-
tory diseases primarily reflects a downstream response to systemic
inflammatory stress, rather thanadirect cause of inflammation-induced
anaemia. Pro-inflammatory cytokines suchasIL-6, TNF, IL-13 and IFNs
disrupt erythroid maturation, promote iron restriction through hep-
cidininduction, and impair effective erythropoiesis, resulting in the
accumulation of CECs”>”. Consistent with this model, CEC expansion
has been observed not only in chronic inflammatory conditions®”
butalso during acute infections, including SARS-CoV-2, where it often
occurs early and may precede the development of clinically apparent
anaemia’®”’,

Although inflammation-driven stress erythropoiesis appears
to represent the dominant mechanism underlying CEC expansion,
emerging studies suggest that expanded CECs may secondarily influ-
ence disease progression. Through their immunosuppressive func-
tions and effects on the inflammatory milieu®****, CECs may indirectly
sustain cytokine signalling and ineffective erythropoiesis, potentially
contributing to the persistence of iron-restrictive pathways. These
findings raise the possibility of a context-dependent feedbackloopin
which CECs amplify, rather than initiate, anaemia and inflammation.

Taken together, current datasupportamodelin which CEC expan-
sionis primarily aconsequence of inflammatory stress, with potential
secondary amplifying effects under specific pathological conditions.
However, in human disease settings, evidence for a universal bidirec-
tional causal relationship remains limited, underscoring the need for
mechanistic and longitudinal studies to better define the temporal and
functional contributions of CECs across acute and chronic inflamma-
tory states. Below, we discuss how CECs may shape immune responses
inviralinfections and cancer.

CECs as targets of SARS-CoV-2

Although CECs are not normally present in the blood circulation of
healthy adults, they can be identified in disease settings, including
viral infections and cancer. CECs express high levels of the canonical
SARS-CoV-2entry receptors ACE2 and TMPRSS2, as well as alternative
entry receptorsfor the virus, suchas CD147 and CD26 (refs. 76-78). The
CD45* CEC subset represents the major ACE2*'TMPRSS2" population
inboth bone marrow and peripheral blood. In vitro assays confirmed
that CECs can be infected by SARS-CoV-2 at levels comparable to, or
even exceeding, monocytes — despite the fact that only a fraction of
CECsarenucleated, suggesting robust susceptibility and possible viral
replication within CD45" CECs™ (Fig. 2).

Althoughdysregulated erythropoiesisin COVID-19islargely driven
by systemicinflammation, ironrestriction, and cytokine-mediated sup-
pression of bone marrow output'*’’, accumulating evidence indicates
that SARS-CoV-2 canalso directly infect nucleated CECs’*””. Therefore,
inflammatory and virus-mediated mechanisms may operate in paral-
lel to disrupt erythroid homeostasis, collectively promoting inef-
fective erythropoiesis, altered RBC parameters and hypoxia during
severe disease. Notably, emerging evidence indicates that SARS-CoV-2
variants may differentially impact erythropoiesis, with the ancestral
Wuhan strain exhibiting more pronounced erythroid perturbations
compared with later variants such as Delta and Omicron®>®', We and
others have also observed dysregulated erythropoiesisin individuals
withlong COVID, identifying stress erythropoiesis as a major biological

mechanism underlying the condition®*, which appears to be more
prevalentinfemaleindividuals®*. We further identified CECs as amajor
source of artemin (ARTN), a neurotrophic factor elevatedinthe plasma
of patients withlong COVID and previously linked to fibromyalgia and
cognitive dysfunction®*®, Although no direct role for ARTNin erythro-
poiesishasbeenreported, its potent effects on neuroimmune commu-
nication, autonomic function and pain®**’ suggest that ARTN derived
fromdysregulated erythropoiesis may contribute to fatigue and pain
independently of classical haematological parameters. Together, these
observations suggest a mechanistic link between aberrant erythro-
poiesis, neuroimmune dysregulation and persistent symptoms in
long COVID, providing a new lens through which to understand the
broader role of CECs.

CECs as novel modulators of HIV-1 pathogenesis

RBCs have historically beenimplicated in HIV pathogenesis as poten-
tial viral reservoirs. Specifically, HIV-1 binds to RBCs via complement
receptor 1 (CR1, also known as CD35), forming immune complexes
thatevade immune clearance and may contribute to viral persistence
and intermittent viraemia, even in the absence of detectable plasma
HIV-1RNA®*#, Beyond this passive role, recent findings indicate that
CECsactively modulate HIV-1infection through multiple mechanisms.

CECsare markedly expandedin the peripheral blood of antiretro-
viraltherapy (ART)-naive HIV-infected individuals, and their frequency
correlates positively with plasma viral load. Our in vitro studies dem-
onstrated that CECs enhance HIV-1infection and replication in both
activated and resting CD4* T cells, primarily through soluble factors®.
Transcriptomic profiling of uninfected CD4" T cells co-cultured
with CECs revealed NOX2 activation and enhancement of NF-kB
signalling, which is a well-established driver of HIV-1 transcription®
(Fig. 2b). In addition to promoting viral replication, CECs facilitate
HIV-1trans-infection of CD4* T cells. This is mediated through high
surface expression of HIV-binding molecules, including CR1, atypi-
cal chemokine receptor 1 (ACKR1, also known as DARC) and most
notably CD235a%,

Notably, CECs isolated from HIV-infected individuals who are
receiving ART can harbour infectious viral particles and mediate
HIV-1 trans-infection of CD4* T cells’ (Fig. 2b). Therefore, CECs may
contribute to viral persistence and cell-to-cell transmission despite
effective therapy. This suggests that both productive infection and
endocytic capture-based infection may occur, reminiscent of mecha-
nisms described in DCs and Langerhans cells**?>. Given their expansion
during anaemia and pregnancy, CECs may not only support systemic
viralreplication but could also facilitate vertical transmission and serve
as potential short-termreservoirs.

Taken together, these findings identify CECs as multifunctional
contributors to HIV pathogenesis. However, further investigation is
warranted to assess the role of CEC biology in ART-naive individuals
and in mother-to-child transmission.

CEC-mediated immune suppression and cancer progression
Incancer, CECs have been shown to facilitate tumour progressionand
impair the efficacy of cancer therapies. CD45* CECs expand through
tumour-induced extramedullary haematopoiesis and impair CD8"*
T cell effector functions viatherelease of soluble factors (for example,
ROS, TGFp and arginases) and cell-cell interactions, contributing to
T cell dysfunction™* (Fig. 3a).

An intriguing mechanism of CEC-mediated immunosuppres-
sion was proposed in a mouse model of head and neck squamous cell
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Fig.2|Viruses such as SARS-CoV-2 and HIV-1
target CD71" erythroid cells. a, CD71" erythroid
cells (CECs) express ACE2, TMPRSS2, CD147 and
CD26, enabling their infection by SARS-CoV-2. Viral
infection canlead to CEC lysis, which promotes stress
haematopoiesis and expansion of CEC populations
inthe periphery. These CECs are further targeted by
the virus, contributing to the reduced red blood cell
| wé (RBC) numbers, increased RBC distribution width,
anaemia and hypoxia, all of which are observed in
patients with severe COVID-19. In parallel, systemic
inflammation and cytokine storm profoundly
disrupt erythroid homeostasis. Elevated levels

of inflammatory cytokines impair bone marrow
erythropoiesis, promote iron sequestration and
drive anaemia of inflammation. Cellular injury and
mitochondrial stress resultin the release of cell-free
mitochondrial DNA (cf-mtDNA), which canbind

to circulating RBCs via surface Toll-like receptor 9
(TLR9). Mitochondrial DNA-coated RBCs undergo
membrane deformation and conformational
masking of CD47, enhancing their recognition

and clearance by splenic macrophages through
erythrophagocytosis. Excessive RBC turnover
further amplifies haem and iron dysregulation,
inflammatory signalling and ineffective
erythropoiesis, creating a feedforward loop that
exacerbates hypoxia and immune dysregulationin
severe COVID-19. b, CECs influence HIV-1infection
through three main mechanisms. First, pre-exposure
of CD4" T cells to CECs enhances their susceptibility
to HIV-linfection via reactive oxygen species (ROS)-
mediated upregulation of NF-KB. Second, HIV-1binds
to DARC (also know as ACKR1), complement receptor 1
(CR1; also known as CD35) and CD235a on CECs,
allowing infection of CECs and subsequent trans-
infection of CD4" T cells by the virus. Third, CECs
can harbour infectious HIV-1virions even during
antiretroviral therapy (ART), and CEC may facilitate
vertical transmission during pregnancy due to their
abundancein cord blood and placental tissues.
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carcinoma®, This study established that tumour-induced extramedul-
lary hematopoiesisin the spleenleads to the expansion of CECs. Nota-
bly, CD45™ CECs promote the immunosuppressive programming of
CDA45* CECsviasecretion of hepatoma-derived growth factor (HDGF),
whichactivates the STAT3 pathway and upregulates PDL1 expression®
(Fig.3b). These programmed CD45* CECs are subsequently recruited
into the tumour microenvironment (TME) through the CCL5-CCR5
axis, where they suppress T cell activity and enhance resistance to
immune checkpoint blockade therapy® (Fig. 3c). Notably, the pres-
ence of CD45" CECs has been linked to reduced survival in patients

with head and neck squamous cell carcinoma, which may contribute to
the poor efficacy ofimmune checkpointinhibitors in these patients®.
Given that ROS production is one mechanism of CEC-mediated immu-
nosuppression, it is plausible that HDGF may enhance mitochon-
drial ROS production®®. In line with these findings, we found that
CECs are significantly expanded in the peripheral blood of patients
with viral-associated solid tumours, especially in non-responders
to anti-PDL1 therapy, where they suppress T cell function and their
abundance correlates with anaemia, advanced disease stage and poor
immunotherapy outcomes’*’®. Notably, the role of EPO in tumour
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progression remains controversial, particularly given that many
tumour cells express the EPOR. However, emerging evidence suggests
that exogenous EPO administration may indirectly promote tumour
progression by expanding CECs, which exert immunosuppressive
effects and impair the efficacy of immune checkpoint inhibitors™.

In addition to their immunosuppressive properties, CECs have
also been shown to promote tumour progression and metastasis
through the secretion of ARTN”. Given the well-established role of
ARTNasanoestrogen-regulated gene involved in tumour invasiveness

and metastasis in mammary carcinoma and pancreatic cancer'*'"",

it has also been implicated in impairing the efficacy of local tumour
ionizing radiation and anti-PDL1 immunotherapy’. Therefore, dis-
rupting the ARTN axis enhances antitumour immune responses and
improves outcomes of cancer treatment. A similar study by Han et al.'%>
revealed the expansion of CECs in hepatocellular carcinomais driven
by TGFB-SMAD3 signalling, which promotes hepatocellular carcinoma
growth viaactivation of the GFRa3-RET-ERK signalling axis (Fig. 3d).
Surprisingly, this group claimed that CECs lack immunosuppressive

Nature Reviews Immunology


http://www.nature.com/nri

Review article

properties, which is in sharp contrast with reports by various other
groups*®*?759419 |n particular, CD45" CECsin the TME of patients with
viral-associated solid tumours express elevated levels of ROS, PDL1,
PDL2 and VISTA, which not only support their immunosuppressive
activity also suggests a potential regulatory role for VISTA* CECs in
the TME®. Although the role of splenic VISTA" CECs in promoting
functional T, cells in neonates has been documented®, it is plausible
that a similar mechanism exists in the TME. A recent study reported
that hepatic CECsin hepatoblastomaexpress galectin-9 (GAL9), which
engages the GAL9-TIM3 axis to suppress DC functionand consequently
impair T cell effector responses'®* (Fig. 3e). Although this finding is
intriguing, itisimportant to note that the liveris saturated with GAL9,
and nearly all hepatic-resident immune cells are coated with this
lectin'®. Moreover, neonatal splenic CECs physiologically express
highlevels of the gene encoding GAL9, LGALS9 (ref. 39). Therefore, fur-
ther studies arerequired to determine the specificity of this proposed
mechanism beyond the in vitro system.

Collectively, these findings reposition CECs as dynamicimmuno-
suppressive regulators in both systemic and local tumour immunity.
By demonstrating that depletion of CECs can enhance the efficacy of
anti-PDL1immunotherapy,amechanisticlinkbetween tumour-induced
splenicremodelling, systemicimmune suppression and resistance to
immune checkpoint blockade has been proposed’*’. However, an
important unresolved question is whether CEC accumulation repre-
sents a primary driver of tumour-mediated immunosuppression or
instead arises as a downstream consequence of the inflammatory,
hypoxic and metabolic pressures imposed by the TME. Current evi-
dence more strongly supports the latter model, as CEC expansion fre-
quently coincides with stress erythropoiesis and tumour-induced niche
remodelling”>”**°, Nevertheless, functional studies, largely in preclini-
cal systems, demonstrate that expanded CECs can actively suppress
antitumour immunity and thereby amplify immune dysfunction”%,
Together, these findings suggest that CECs are unlikely to initiate
immune escape but may serve as critical secondary regulators that
reinforce systemic and local immunosuppression, positioning them
as promising yet context-dependent therapeutic targets to enhance
immunotherapy responsiveness.

Mature RBCs in host defence and immune regulation
Although mature RBCs lack transcriptional activity and canonical
immune signalling pathways, their diverse immunological functions
canbeintegrated withina unified conceptual framework. Rather than
acting as classicalimmune effector cells, RBCs function as circulating
immune-metabolic sentinels that continuously sense, buffer, trans-
port and redistribute immunologically relevant signals throughout
the vascular compartment. Through this systems-level regulation,
RBCs modulate the immune milieu, constrain inflammation under
homeostasis, and reshape immune responses when structurally or
molecularly altered during disease.

RBC turnover and erythrophagocytosis

RBCs constitute the largestiron-containing compartmentin the body
and therefore occupy a central position linking oxygen transport, iron
homeostasis, microbial ecology and immune regulation. During physi-
ological erythrocyte turnover or pathological haemolysis, RBC-derived
products, including haemoglobin, haem and iron, are released and
exert broad systemic effects that extend far beyond erythropoiesis
itself'°°. Iron liberated from erythrocytes is required not only for
RBC production but also forimmune cell metabolism, proliferation

and differentiation. Accordingly, iron deficiency impairs innate and
adaptive immune responses, alters cellular bioenergetics, reduces
vaccine efficacy, and contributes to fatigue and immune dysfunction
independently of haemoglobin levels'®,

Iron also represents an essential nutrient for microorganisms,
placingerythrocyte-derivediron at the centre of host-microorganism
competition. Host-driven iron sequestration constitutes a core com-
ponent of nutritional immunity, restricting microbial growth during
infection'””. Conversely, localized iron release following haemolysis
ortissue erythrocyte extravasation can promote microbial expansion
and shape microbial community structure, thereby linking RBC turno-
ver to microbial ecology and immune activation'”’. Beyond its role in
nutrient availability, iron functions as a key immunometabolic signal
that shapes immune cell metabolism, epigenetic programming and
effector differentiation, thereby influencing inflammatory tone and
immune memory formation'®®,

To limit the toxicity of extracellular haemoglobin and haem,
macrophages act as the primary cellular defence system by clear-
ing senescent or damaged erythrocytes and scavenging cell-free
haemoglobin-haem complexes through specialized uptake
pathways'®. Following erythrophagocytosis, macrophages undergo
acute haem stress that initiates a conserved transcriptional repro-
gramming programme governed by BACH1, SPI-C, NRF2 and ATF1
(ref.109). This haem-driven signalling network promotes antioxidant
defences (Box 3) and iron recycling while suppressing inflammatory
and antigen-presenting programmes, resulting in the differentiation
of erythrophagocytes, a distinct type of macrophage'*’. Erythrophago-
cytes exhibit reduced expression of MHC class Il molecules, diminished
responsiveness to inflammatory cues and enhanced tissue-repair
functions, thereby contributing to immune resolution and tolerance
in haemolytic environments'®.

Collectively, RBC breakdown products are not inert bystand-
ers but active regulators of immune homeostasis. Through the
controlled release of haemoglobin, haem and iron, and through
erythrophagocytosis-driven macrophage differentiation, erythrocyte
turnover integrates metabolic control, microbial growthand immune
regulation. Dysregulation of these pathways during inflammation,
infection or chronic disease may therefore profoundly influence dis-
easetrajectory by shifting the balance between host defence,immune
tolerance and tissue repair.

RBCs as circulatory immune sentinels

Nucleic acid-sensing. Elevated levels of cell-free CpG-containing mito-
chondrial DNA(cf-mtDNA) are a hallmark of both infection and sterile
inflammation and are frequently accompanied by acute anaemia'®.
Although nucleic acids and TLR signalling in monocytes and mac-
rophages have been implicated in the development of inflammatory
anaemia and cytopenia, the specific role of RBCs in the process has
not been well defined.

Recent findings suggest an important role for mature RBCs in
immunesurveillance through nucleicacid sensing. RBCs are uniquely
situated to continuously sample the blood circulation, and they express
surface TLR9, a receptor for CpG-rich DNA that is typically localized
to endosomes in innate immune cells. Lam et al."' demonstrated that
human, chimpanzee and mouse RBCs express functional surface
TLRI that can bind bacterial and mitochondrial DNA (mtDNA). Dur-
ing sepsis and malaria, RBCs accumulate cf-mtDNA and binding to
thisDNA induces structural changes in the RBCs, including membrane

deformation, echinocyte formation and cytoskeletal reorganization'?,
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Box 3 | RBCs as central regulators of redox homeostasis

Red blood cells (RBCs) act as mobile redox buffers in the circulation,
equipped with a robust antioxidant machinery that neutralizes
reactive oxygen and nitrogen species and modulates redox signalling
within the vascular and immune systems.

A key feature of RBC redox biology is the redox-active nature
of haemoglobin (Hb). Haemoglobin undergoes spontaneous
auto-oxidation, producing superoxide (O, ) and methaemoglobin.
These products can further contribute to the formation of hydrogen
peroxide and other reactive intermediates'®*. To counteract this, RBCs
are enriched in antioxidant enzymes, including superoxide dismutase
(SOD1), catalase and glutathione peroxidase 1(GPX1), which together
neutralize superoxide, hydrogen peroxide and lipid hydroperoxides™®.
Peroxiredoxin-2 (PRX2), the third most abundant cytosolic protein in
RBCs, has a particularly crucial role in buffering peroxides and is highly
sensitive to redox changes™®.

RBCs maintain their redox balance primarily via the pentose
phosphate pathway, their sole source of NADPH. This NADPH
supports regeneration of reduced glutathione (GSH), which detoxifies
peroxides and sustains thiol-disulfide balance'’. Deficiencies in
this system, as in glucose-6-phosphate dehydrogenase (G6PD)

Furthermore, cf-mtDNA binding causes conformational masking of
CD47, a‘don’t eat me’ signal expressed on RBCs, which can help to
clear pathogens that are attempting to evade the immune system by
infecting RBCs™ (Box 4). These alterations enhance erythrophagocy-
tosis by splenic macrophages and contribute to the development of
systemic inflammation. Consistent with this concept, mouse studies
have shown that RBCs capture bacterial DNA and promote inflam-
matory responses through enhanced erythrophagocytosis during
polymicrobial sepsis™.

DNA-loaded RBCs canactively deliver the DNA to innate immune
cells, triggering TLR9-dependent production of cytokines, suchasIL-6,
IFNyand TNF. They also engage tissue-resident phagocytes to amplify
both local and systemic inflammatory responses™. This mechanism
may contribute to anaemiain patients who are critically ill with sepsis,
as excessive levels of CpG-DNA in the circulation promote RBC clear-
ance. The study by Lam et al.™ also found that in patients hospitalized
with severe COVID-19, the level of mtDNA bound to RBCs was associated
with both anaemia and disease severity.

DCs and other antigen-presenting cells (APCs) may take up
DNA-carrying RBCs and present their antigenic contentsto T cells. Sup-
porting this concept, splenic DCs are known to monitor RBCs for the
loss of CD47 (ref.114). Under homeostatic conditions, RBC-expressed
CD47 engages with SIRPax on bridging channel DCs, suppressing SRC
family kinase activity and maintaining DC quiescence as RBCs passinto
thered pulp. However, when CD47 expressionis diminished or reduced,
SRC family kinase signalling prevails, leading to RBC uptake, DC activa-
tion, migrationto the T cell zone and the initiation of adaptive immune
responses'*. Thus, loss of CD47 on mature RBCs can signal to DCs that
thereisadisturbancein homeostasis, promoting DC activationand the
initiation of adaptive immune responses.

Alternatively, RBC-associated DNAmay reflect aregulated, homeo-
static mechanismin which the host calibrates systemicimmune tonein
response to microbial exposure, rather than amereindicator of severe
infection. Therefore, under normal conditions, RBCs may function as

deficiency, render RBCs highly susceptible to oxidative haemolysis
under stress'™”.

Beyond their intracellular defences, RBCs shape the extracellular
redox environment by scavenging diffusible oxidants such as hydrogen
peroxide and peroxynitrite, thereby protecting the vascular endothelium
and neighbouring immune cells™®. RBCs also regulate nitric oxide (NO)
bioavailability by binding and metabolizing NO via haemoglobin. This
process can buffer NO signalling under physiological conditions or
deplete NO during haemolysis, contributing to vascular dysfunction'™.

Under pathological conditions such as sepsis, sickle cell
disease and viral infections, RBCs display oxidative damage,
including increased reactive oxygen species production, depletion
of GSH and NADPH, lipid peroxidation, and membrane protein
oxidation™"°, These changes impair RBC deformability, enhance
erythrophagocytosis, and promote release of RBC-derived
microparticles enriched in oxidized lipids and proteins, which
propagate oxidative stress in immune cells™’. Collectively, RBCs serve
as both sensors and regulators of oxidative stress. Their unique redox
landscape not only protects against oxidative injury but also influences
redox-sensitive pathways in the vascular and immune systems.

scavengers of circulating DNA to maintainimmune homeostasis. How-
ever, inthe context of sepsis, excess DNA or CpG binding can trigger sys-
temicinflammation by transportingimmunostimulatory DNA to distal
tissues. Similarly,impaired clearance of RBC-mediated mtDNA contrib-
utes to the accumulation of mtDNA*RBCs, promoting the pathogenesis
of systemic lupus erythematosus. RBC-derived mtDNA acts as a potent
danger-associated molecular pattern (DAMP), activating cGAS-STING
signallingin macrophages and inducing astrong IFN-stimulated gene
signature, a hallmark of systemic lupus erythematosus'”. By contrast,
ithasbeenreported that RBC-mtDNA binding has a protectiverolein
conditions such as traumaand sepsis by scavenging cf-mtDNA, thereby
mitigating inflammation and limiting lung injury"?. These findings
underscore the essential role of RBC-mediated cf-mtDNA scavenging
in maintaining immune quiescence and modulating innate immune
responses during inflammatory conditions. Notably, RBCs can also
sequester circulating tumour cell-free DNA. Although the immuno-
logical effects of this process remain poorly understood, circulating
tumour cell-free DNA sequestration by RBCs has potential utility asa
non-invasive RBC-based approach for tumour diagnosis"®. Collectively,
these findings reveal anovelimmunological role for erythroid cells as
immune sentinels and microbial DNA couriers, capable of shaping host
responses to both endogenous and pathogen-derived nucleic acids.
This insight broadens our understanding of the immunopathology
underlying sepsis and inflammatory anaemia. Although surface TLR7
expressionin humanRBCs and itsinteraction with viralRNAs has also
been observed, the immunological outcome of such binding has yet
tobe elucidated™’.

Immune complexes binding and clearance. Erythrocytes are
equipped with high levels of CR1, enabling them to bind circulating
immune complexes opsonized with C3b, C4b,iC3band C3c. Thissystem
facilitates immune complex transport to hepatic and splenic mac-
rophages for clearance, protecting tissues fromimmune complex depo-
sitionand subsequentinflammation. Interestingly, theimmunological
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consequences ofimmune complex binding may be context dependent:
although this pathway generally reduces systemicinflammation, eryth-
rocytes bearingimmune complexes can activate IFNyand TNF produc-
tionby splenic macrophages under certain conditions, contributing to
localized inflammation, as is seen in cerebral malaria™.

ACKR1onRBCs also has adual roleinimmune regulation. It binds
pro-inflammatory chemokines, such as CXCL8 and CCL2, acting as a
chemokine sink that reduces neutrophil trafficking'”. This regulatory
mechanism can prevent excessive inflammation and reduce tissue
damage. Alternatively, there is a possibility that RBCs act as a reser-
voir prolonging chemokine half-life in the circulation. In line with
this scenario, DARC-null erythrocytes exhibit altered inflammatory
responses in experimental endotoxaemia'®’, highlighting its impor-
tancein chemokine homeostasis and leukocyte migration. There s evi-
dencethat RBCsinitially scavenge chemokines at sites of inflammation,
but later release them as plasma levels decline, thereby contributing
to chemokine homeostasis*. In addition to sensing and transporting
immune signals, RBCs candirectly participatein pathogeninterception
within the circulation.

Direct antimicrobial activity and oxycytosis

Recentstudies suggest erythrocytes may contribute directly to patho-
gen clearance through a phenomenon termed oxycytosis'. Specifi-
cally, RBCs captureimmune complexes and pathogensin the circulation
ontheir cellmembrane and present themto APCsintheliver and spleen.
Alternatively, microbial contact with erythrocytes — mediated by
mutual triboelectricinteractionsin arterial blood flow — triggers local-
ized release of atomic oxygen and ROS from oxyhaemoglobin, enabling
rapid microbial killing on the erythrocyte surface'” %, Proteolytic
processing of haemoglobin during erythrocyte turnover or eryth-
rophagocytosis generates a diverse group of haemoglobin-derived anti-
microbial peptides, including haemocidins and multiple globin-derived
fragments'?*'>, that exert broad antimicrobial activity through mem-
brane disruption and intracellular targeting'*. These peptides also
display antibiofilm activity and can neutralize microbial products'”,
providing anadditional mechanism by which RBC turnover contributes
to host defence and immune regulation.

Under physiological conditions, haem is tightly regulated and
compartmentalized within haemoproteins, where it participates in
oxygentransport, mitochondrial respiration, and enzymaticreactions
critical for cellular homeostasis and host defence'?®. In homeostasis,
intracellular haem contributes to immune regulation by modulating
the activity of haem-binding proteins such as HO-1. It catalyses haem
degradationinto biliverdin, free iron and carbon monoxide (CO), each
of which has been shown to exert anti-inflammatory and cytoprotec-
tive functions**. For example, HO-1inductioninmacrophages and DCs
dampens pro-inflammatory cytokine production and promotes the
resolution of inflammation through CO-mediated modulation of MAPK
signalling’. Moreover, endogenous haem levels influence the develop-
ment and function ofimmune cells; itis a cofactorin TLR4-dependent
DC maturation and caninfluence T cell activation and polarization™°.

In pathological settings such as sickle cell disease, malaria or
sepsis, excessive free haem released from lysed RBCs becomes a DAMP,
contributing to sterile inflammation and immune dysregulation™'. Free
haem activates innate immune cells via pathogen recognition recep-
tors, including TLR4 and inflammasomes, leading to the production
of pro-inflammatory cytokines such as TNF, IL-6 and IL-13"°. Intrigu-
ingly, haem can induce trained immunity with either protective (for
example, inearly bacterial sepsis) or harmful (for example, inendotoxic

shock) outcomes, depending on the context. Deleterious training
may manifest peripherally through excessive cytokine release and
tissue damage, or centrally viamaladaptive myelopoiesis thatimpairs
infection control™. By contrast, beneficial trained immunity enhances
pathogen clearance and tissue repair through both peripheral resist-
ance and central support of myelopoiesis. In sterile inflammation'®,
haem-driven trained immunity is harmful due to tissue damage
without the compensatory benefit of pathogen elimination. Con-
versely, ininfection-driven sepsis, haem training confers protection by
substantially reducing pathogen load"’.

Whether haem-induced trained immunity provides heterolo-
gous protection against diverse pathogens or contributes to chronic
immunopathology remains to be determined. Also, although excessive
haemolysis and free haem release can act as DAMP, fuelling inflam-
mation, endothelial damage, and coagulopathy in conditions such
as severe malaria and haemolytic anaemia'*, it may also promote
adaptive immunity. Intriguingly, haem has been shown to increase
proportions of effector memory T cells while reducing terminally
exhausted T cell populations. This shift towards a more functional
T cell phenotype was accompanied by decreased ROS expression and
improved mitochondrial membrane potential.

RBCs as modulators ofimmune cells

Through context-dependent interactions withimmune cells, RBCs
contribute toimmune homeostasis and can become potent activators
oramplifiers ofimmuneresponsesin disease settings. The regulatory

Box 4 | Erythrocyte-pathogen interactions
in host defence and disease

Several pathogens exploit erythrocyte surface molecules as binding
or entry receptors. Prominent among these are the glycophorin
family (glycophorin A, glycophorin B and glycophorin C), DARC,
complement receptor 1(CR1; also known as CD35) and CD147.
These molecules are central to the pathology of Plasmodium
species, which target erythrocytes for replication. P. falciparum
infects erythrocytes through multiple redundant pathways, including
via CR1and CD147. By contrast, DARC serves as a major receptor
for P. vivax. Although individuals lacking DARC expression on
erythrocytes appeared to be resistant to P. vivax infection, recent
evidence demonstrated that the parasite uses CR1and CD71as
alternative pathways to infect erythrocytes™'.

Beyond malaria, glycophorins also act as decoy receptors
for viruses (for example, Haemophilus influenza B, parvovirus,
reovirus, rotavirus, Vibrio cholera, Epstein-Barr virus, HIV and
coxsackievirus), bacteria (for example, Escherichia coli, Mycoplasma
spp., Clostridium perfringens species and Streptococcus
pneumoniae) and protozoa, binding pathogens without permitting
their replication — an underappreciated mechanism of immune
sequestration’®?. Although in most cases these pathogens do not
infect red blood cells themselves, in the case of HIV-1 this binding
with DARC enables red blood cells to present viral particles to
CDA4* T cells®. Alternatively, such interactions may facilitate trans-
infection of other viruses. Therefore, erythrocyte interactions with
pathogens may result in the formation of immune complexes,
complement activation leading to accelerated erythrophagocytosis
and innate immune activation.

Nature Reviews Immunology


http://www.nature.com/nri

Review article

Glossary

Anaemia of inflammation

This is an iron-restricted erythropoietic
state arising in the setting of chronic
infection, inflammatory disease or
malignancy, driven by the immune
response rather than blood loss or
nutritional deficiency. The key mediator
is hepcidin, which traps iron within
macrophages and enterocytes,
reducing its availability for red blood cell
production.

Cell-free CpG-containing
mitochondrial DNA

(cf-mtDNA). Fragments of
mitochondrial DNA released into the
extracellular space or circulation,
typically during cellular stress, necrosis
or mitochondrial damage. cf-mtDNA

is enriched in unmethylated CpG
motifs that activate pattern-recognition
receptors such as Toll-like receptor 9
(TLR9), triggering inflammatory and
antiviral responses.

Efferocytosis

The physiological removal of apoptotic
and dead cells by phagocytic cells.
Unlike phagocytosis, efferocytic
process are generally immunologically
silent.

Erythroferrone

A hormone secreted by erythroid
progenitors in the bone marrow
that increases iron availability by
suppressing hepcidin expression in
the liver.

Nutritional immunity

Nutritional immunity is an innate

host defence strategy in which the
body deliberately withholds essential
micronutrients, particularly iron,

zinc and manganese, from invading
pathogens to restrict their growth and
replication. The resulting competition
for micronutrients constitutes a critical
aspect of host-pathogen interactions.

Echinocyte

Red blood cells with a spiculated

or crenated’ surface, characterized

by numerous short, evenly spaced
membrane projections. Echinocyte
formation is typically reversible and can
result from alterations in membrane
lipid composition, oxidative stress or
exposure to certain plasma factors.
These morphological changes often
reflect metabolic or oxidative injury and
are observed in inflammatory, renal or
metabolic disorders.

Trained immunity

Trained immunity refers to the capacity
of innate immune cells, particularly
monocytes and macrophages, to
acquire a functional memory following
an initial exposure to a pathogen or
stimulus. This form of innate immune
memory is characterized by epigenetic
and metabolic reprogramming of innate
immune cells, resulting in an enhanced
or altered response to secondary
stimulation independent of antigen
specificity.

potential of RBCsis mediated through a variety of mechanismsinclud-
ingreceptor-ligandinteractions, sialicacid-dependent signalling and
antigenic crosstalk.

RBCs suppress B cell activation and function. Recent work by Len-
non et al.” identified a role for RBCs in suppressing B cell activity in
the peripheral blood. Under homeostatic conditions, physical contact
between RBCs and human B cells leads to a substantial downregula-
tion of key activation markers on B cells, including HLA-DR, HLA-DP,
HLA-DQ, CD40, CD69 and CD86. Functionally, RBC contact reduces
B cell proliferation, IgM secretion and —inmany donors — the capacity
forantigen presentationto CD4* T cells™°. Mechanistically, the suppres-
sionis mediated by sialicacids on the RBC surface engaging the inhibi-
tory lectin receptor CD22 on B cells™ (Fig. 4a). Removal of sialic acids
vianeuraminidase or blocking CD22 abrogates the suppressive effect,
confirming this axis as central to B cell inhibition™°. Interestingly, B cell

chronic lymphocytic leukaemia cells, which exhibit low CD22 expres-
sion, are largely resistant to RBC-mediated suppression — highlighting
apossible mechanism contributing to their activated phenotype and
autoimmune potential™® (Fig. 4a). These findings suggest that RBCs
can maintain peripheral B cell quiescence in the blood circulation,
preventing aberrant activation outside secondary lymphoid organs.

RBCs as modulators of T cell function. Emerging evidence highlights
adynamic crosstalk between RBCs and T cells, suggesting that RBCs
actively modulate adaptive immune responses under both physi-
ological and pathological conditions. RBCs assist in the recruitment of
circulating lymphocytes to the vascular endothelium, akey processin
inflammation. During inflammatory responses, increased blood flow
and capillary dilation may allow both RBCs and activated T cells to
extravasate into affected tissues™. Some studies have demonstrated
that RBCs can enhance T cell population expansion by inhibiting
activation-induced T cell death, possibly through reduction of oxida-
tive stress. This protective effect requires close contact with RBCs,
implicating potential receptor-mediated interactions between RBCs
and T cells° (Fig. 4b).

Inaddition, RBCs canrelease soluble protein factors that support
T cell growth and RBCs from patients with carotid atherosclerosis
retain the capacity to promote T cell proliferation and IFNy produc-
tion despite structural and redox alterations'. By contrast, packed
RBCs have been associated with T cell suppression through cell-cell
interactions'? and allogeneic blood transfusion has been associated
with the induction of T, cells*’ (Fig. 4b). These findings may explain
why blood transfusion is an independent risk factor for infection,
long-length hospital stay and poor functional outcomes in patients'*.
Although some studies supportaregulatory role for RBCs, others high-
light theimmunostimulatory potential of RBC-derived exosomes'****¢,
These vesicles can promote T cell proliferationinacontact-dependent
manner and drive inflammatory cytokine release.

RBCs support neutrophil survival and reprogramming. RBCs havea
crucialrolein promoting neutrophil survival by inhibiting their apop-
tosis. This effect has been linked to the elimination of extracellular
H,0,through the catalase and glutathione peroxidase activity of RBCs,
which subsequently reducesintracellular H,0, contentin neutrophils'’
(Fig. 4c). Tworecent studies highlight the dual and context-dependent
roles of RBCs in regulating neutrophil function. Ininflammatory con-
texts where RBCs become opsonized with IgG (for example, in autoim-
munity and haemolytic disease), they are phagocytosed by neutrophils,
whereas under homeostatic conditions, neutrophils do not phago-
cyte RBCs (Fig. 4c). Meinderts et al."*® demonstrated that neutrophils
acquiring opsonized RBCs undergo phenotypic reprogramming and
express MHC class Il molecules and the co-stimulatory molecules,
CD40 and CD80, which are hallmarks of professional APCs. Remark-
ably, these reprogrammed neutrophils were found to be capable of
eliciting antigen-specific CD4* T cell responses'*®.

This transformation is accompanied by a suppression of the res-
piratory burst, which typically leads to rapid antigen degradation. The
reduction in ROS supports antigen preservation and presentation,
indicating a functional shift towards adaptive immune regulation™*.
Notably, this neutrophil APC conversionis notinhibited by CD47 signal
that usually restrains RBC phagocytosis in other APCs such as DCs™*.
Thus, under opsonizing conditions, neutrophils can bypass tradi-
tional tolerogenic checkpoints and contribute to the development of
antigen-specific responses. By contrast, under homeostatic conditions
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RBCs actively suppress neutrophil activation via surface-expressed
sialylated glycoproteins, such as glycophorin A'*° (Fig. 4c). These gly-
cans engage Siglec-9, an inhibitory receptor on neutrophils, thereby
preventing oxidative burst, neutrophil extracellular trap formation,
degranulation and apoptosis. Selective modification of erythro-
cyte sialic acids disrupted this interaction and restored neutrophil
activation'”. This ‘self-recognition” mechanism helps maintain neu-
trophil quiescence in the blood circulation and avoids unnecessary
inflammation. Therefore, this dichotomy underscores abroader prin-
ciple:RBCs function as conditionalimmune modulators, transmitting
inhibitory signals under homeostasis and stimulatory signals when
structurally orimmunologically altered.

Therapeutic opportunities and challenges

The emerging immunoregulatory roles of CECs position them as
compelling therapeutic targets across diverse disease settings. In
cancer, CECs have been implicated in immune evasion and resist-
ance to immune checkpoint blockade, suggesting that their deple-
tion or functional reprogramming may synergize with existing

immunotherapies. Potential strategies include targeting CEC surface
markers (for example, CD71, PDL1, PDL2, VISTA or galectins) or selec-
tively inhibiting CEC-derived mediators such as arginases, ARTN, ROS
and TGFp, particularly in tumours characterized by pronounced CEC
expansion. However, several challenges limit translational applica-
tion. Many CEC-associated markers, including CD71, are shared with
metabolically active or activated immune cells", raising concerns
regarding off-target effects, especially in inflammatory conditions.
An alternative approach may involve promoting terminal erythroid
maturationrather than direct depletion, as exemplified by agents such
asluspatercept™, which enhance late-stage erythroid differentiation
and may reduce the persistence of CECs; this approach is mechanisti-
cally distinct from EPO, which primarily expands early progenitors.
Nevertheless, pathways targeted on CECs often have broad roles in
immune and tissue homeostasis, introducing potential risks including
disruption of physiological erythropoiesis, exacerbation of anaemia
and unintended immune modulation.

Sex-based differences may furtherinfluence the efficacy and safety
of CEC-targeted therapeutic strategies. Notably, we and others have

Y
a \ ) I
/ e _

Macrophageg

‘\/

) - S HP1
Vg a Y a« "'

ITAMs

{ CD40, CD86
Vv IgM

y Proliferation
4 HLA-II

CD22 ITIMs

Sialic
acids

RBC
¥ CD22

B cell

Fig. 4 |RBCs modulate B cell, T cell and neutrophil

\ functions. a, Sialic acids on red blood cells (RBCs)

interact with CD22 on B cells to recruit SHPI,
SHP2 and SHIP1to the B cell receptor signalling
complex viaimmunoreceptor tyrosine-based
inhibition motifs (ITIMs), thereby suppressing
immunoreceptor tyrosine-activation-based motif
(ITAM) activation and B cell receptor signalling.
This results in reduced B cell proliferation,
downregulation of co-stimulatory molecules
(such as CD40 and CD86) and human leukocyte
antigen class I (HLA-II) expression, and reduced
IgM secretion. Notably, reduced CD22 expression

B-CLL

T cell
extravasation

on B cell chronic lymphocytic leukaemia (B-CLL)
cells may promote their proliferation. b, RBCs
facilitate T cell extravasation at sites of infection
and inflammation and, by reduction of oxidative
stress, prevent T cell apoptosis and promote their
proliferation. By contrast, allogeneic RBCs (for
17N example, presentin donated blood products)

: | suppress T cell responses and promote the induction
of regulatory T (T,.) cells through mechanisms
that remain unclear. ¢, Under homeostatic
conditions, RBCs through catalase and glutathione

S
&

V T cell proliferation

peroxidase activity reduce extracellular H,0,,
thereby promoting neutrophil survival. In addition,
interaction of RBC-expressed CD235a with Siglec-9

P .
( /\ M Tcell \
O proliferation )
O T cell Q
1 T.eq cell proliferation
C Homeostatic Opsonizing condition
| |
I [
=7 ®) T _ Y
- (
[ \
CD47
H,0, CD235a
l Siglec-9
¥ H,0, AL
)( SR \\k ("/\_/ \\k\ 0. . S)Q \7\\
T8 Y 8 PR — )

1 Neutrophil survival { Respiratory burst

] onneutrophilsinhibits erythrophagocytosis. Under
pathological settings, opsonized RBCs that have
lost or modified CD47 expression are taken up by
neutrophils. This uptake induces upregulation

of co-stimulatory molecules (for example, CD40,
CD80 and CD86) and MHC-II, thereby endowing
neutrophil with antigen presentation capacity.

TCR, T cell receptor.

J —
~Cp28  CD8O

Nature Reviews Immunology


http://www.nature.com/nri

Review article

Box 5 | Antigen carriage and immune
modulation

Red blood cells (RBCs) contribute to adaptive immunity by
passively transporting pathogens, nucleic acids, and antigens to
antigen-presenting cells in the spleen and liver. Leveraging this
natural delivery pathway, engineered systems have been developed
to conjugate antigens or nanoparticles to RBCs, enhancing
vaccine responses without exogenous adjuvants. Interestingly,
RBCs that display antigens in the context of senescence or

stress may instead induce immunological tolerance, offering a
potential avenue for treating autoimmune diseases or minimizing
anti-drug antibody formation. Alternatively, this inherent ability
of RBCs to deliver antigens has been harnessed to elicitimmune
both cellular and humoral immune responses’®. For example,
chemokine-encapsulating nanoparticles anchored on the RBC
surface promoted antitumour immunity in a mouse model of
lung metastasis by enhancing the infiltration of effector T cells
into the lungs, resulting in tumour regression and reduced
metastasis'®*. Similarly, a senescent RBC-based vaccine targeting
splenic antigen-presenting cells provided potent neutralizing
antibodies against SARS-CoV-2 (ref. 165). Therefore, RBC-based
immunotherapies present promising immunotherapy strategies
across various immunological conditions.

shown that females exhibit a physiological enrichment of CECsinboth
miceand humans, and women are also disproportionately susceptible
to anaemia due to menstrual blood loss and pregnancy-related iron
demands. These factors underscore the importance of incorporating
sex as a biological variable when evaluating CEC-directed interven-
tions, particularly with respect to dosing, therapeutic window and risk
of exacerbating anaemia. Collectively, these considerations highlight
the need for context-dependent, stage-specific and disease-tailored
strategies when considering CEC-directed therapeuticinterventions.

Conversely, augmenting the tolerogenic properties of CECs may
benefit conditions requiring immune suppression. For example,
enhancing CEC expansion or function via EPO analogues could improve
outcomes in pregnancy complications, autoimmunity and transplanta-
tion. Givenreduced CEC frequency and functionin preterm births and
in IBD-associated pregnancies, adoptive transfer or pharmacologi-
cal induction of CECs may offer novel cellular immunotherapies for
feto-maternal tolerance and neonatal immune programming.

Engineered RBCs also offer therapeutic promise. Their long
half-life, biocompatibility and immunomodulatory surface mole-
cules make them ideal for antigen delivery, vaccine platforms and
immune decoys (Box 5). Conjugating chemokines, tumour antigens
or TLR ligands to RBCs modulates immune cell trafficking, enhances
antigen-specificimmunity and attenuates inflammation, offering new
precisionimmunotherapy avenues. In parallel, targeting erythrocyte
pathways such as CR1 or DARC could limit pathogen invasion and
neutrophil-driven inflammation in conditions such as malaria, sepsis
oracute lunginjury.

Conclusions and future perspectives

Erythroid cells, both immature and mature, are increasingly recog-
nized as active immune regulators rather than passive bystanders of
haematopoiesis. CECs exert potentimmunomodulatory functions that

shape neonatal and feto-maternal tolerance and contribute to immune
evasion in chronic infection and cancer. Likewise, RBCs, which were
long viewed as immunologically inert oxygen carriers, participate in
microbial sequestration, redox homeostasis, cytokine buffering, and
immune modulation through receptor-mediated interactions and
antigen carriage. Collectively, these findings challenge the traditional
compartmentalization of erythroid biology and immunity, positioning
erythroid cells as dynamic participants in host defence and immune
regulation.

Despite these advances, fundamental questions remain. The
molecular cues governing CEC plasticity, lineage trajectory and tis-
sue-specific functions are incompletely defined, and how erythroid-
mediatedimmune regulation shapeslong-termimmunity, particularly
during early-life immune programming and chronic inflammatory
disease, remains poorly understood. Similarly, the mechanisms by
which circulating RBCs integrate immune sensing with their essen-
tial physiological roles continue to be underexplored. From a sys-
tems perspective, erythroid cells represent aunique interface linking
haematopoiesis, metabolism, oxygen sensing and immunity, with
context-dependent functions sculpted by hypoxia, inflammation and
microbial exposure.

Addressing these gaps will require integrative, high-dimensional
approaches, including single-cell and spatial multiomics, metabolic
profiling, and longitudinal analyses across tissues and disease states.
Incorporating erythroid populations intoimmune atlases, particularly
inneonates, pregnantindividuals, and patients with cancer or chronic
inflammatory disorders, will be essential to define their temporal
dynamics andidentify clinically actionable biomarkers such as CD45*
CECs, ARTN and red cell distribution width.

Looking forwards, emerging spatial transcriptomic and inte-
grative multiomic approaches, together with human organoid and
niche-engineered models, willbe instrumentalin resolving the hetero-
geneity and tissue-specific functions of erythroid cells. These platforms
willenable dissection of how local microenvironmental cues, including
hypoxia, inflammation, metabolic stress and cellular proximity, shape
erythroid immune programmes in human tissues. Such approaches
are essential to move beyond correlative observations and establish
causal links between erythroid cell states and immune outcomes in
health and disease. Together, these insights mark a conceptual shift
inour understanding of erythroid biology: from passive blood cells to
dynamic systemic immune regulators with far-reaching implications
for disease pathogenesis and therapy. Recognizing erythroid cells as
integral components of immune networks compels a rethinking of
pathophysiological models across immunology, haematology and
oncology, and opens new avenues for therapeutic intervention. Har-
nessing this biology will require close interdisciplinary collaboration
butholds promise for redefining how immune regulationis understood
and therapeutically targeted across health and disease.
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