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ABSTRACT

Vitamin D and erythropoietin (EPO) are kidney-derived hormones classically known for their roles in mineral
metabolism and erythropoiesis, respectively. Beyond these functions, growing evidence indicates that both molecules
exert broad immunomodulatory effects on innate and adaptive immunity. Vitamin D signalling through the vitamin D
receptor shapes dendritic cell maturation, promotes regulatory T-cell induction, and suppresses pro-inflammatory T
helper cell responses. Similarly, EPO acts as a pleiotropic cytokine capable of modulating macrophage activation, T-cell
proliferation, and inflammatory signalling pathways through EPO receptor-dependent mechanisms.

In chronic kidney disease (CKD), reduced renal synthesis of active vitamin D and impaired endogenous EPO production
frequently coexist, contributing not only to disturbances in mineral metabolism and anaemia, but possibly also to
immune dysregulation. Besides CKD, immune dysregulation is common across diverse nephrological conditions,
including immune-mediated nephropathies and transplantation, where inflammatory and alloimmune responses
critically influence disease progression and graft outcomes. Increasing experimental and clinical evidence suggests that
vitamin D and EPO may modulate these processes and represent potential therapeutic targets.

This narrative review summarizes current knowledge on the immunomodulatory properties of vitamin D and EPO, their
mechanisms of action on immune cells, and their relevance in kidney disease and transplantation.
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INTRODUCTION mote systemic immune regulation [1]. Although the cellular and
molecular mechanisms underlying this distinctive immunologi-
cal behaviour remain incompletely defined, increasing evidence
points to kidney-derived hormones, particularly vitamin D and
erythropoietin (EPO), as potential contributors to immune regu-
lation.

Beyond their classical roles in mineral and bone metabolism
and erythropoiesis, respectively, vitamin D and EPO exert broad

Not all organs are created immunologically equal. Experimen-
tal studies in mice, pigs, and nonhuman primates have consis-
tently demonstrated that kidney allografts display unique im-
mune properties compared with other transplanted organs. In
several models, kidney grafts show an intrinsic capacity to mod-
ulate alloimmune responses and, under specific conditions, pro-
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immunomodulatory effects on both innate and adaptive im-
mune cells. Vitamin D shapes dendritic cell (DC) maturation,
promotes regulatory T-cell (Treg) induction, and restrains pro-
inflammatory cytokine production [2]. EPO is now recognized as
a pleiotropic cytokine capable of modulating macrophage acti-
vation, T-cell responses, and inflammatory signalling pathways
[3]. Together, these pathways may contribute to the kidney’s dis-
tinctive immunological profile.

Importantly, the immunoregulatory properties of vitamin D
and EPO are increasingly being tested in clinical trials in autoim-
mune diseases and transplant rejection, whereas their inhibi-
tion has been proposed for the treatment of cancers where EPO-
mediated immune suppression may favour tumour progression.
A deeper understanding of their immune modulatory roles is
therefore of direct translational relevance.

This review does not focus on the well-known endocrine
roles of vitamin D and EPO. In contrast, we examine current
knowledge regarding the immunomodulatory effects of vitamin
D and EPO in physiological conditions and in kidney disease,
with particular emphasis on their implications for transplanta-
tion and immune-mediated pathology. Literature was identified
through searches of PubMed and Scopus reports published from
2000 to 31 January 2026 using combinations of the terms ‘vita-
min D/cholecalciferol/ergocalciferol/calcifediol/calcitriol’, ‘ery-
thropoietin/EPOQ’, ‘kidney/renal disease’, ‘immune/immunity’,
and ‘transplant/transplantation’. We included mechanistic, pre-
clinical, and clinical studies, prioritizing recent and high-impact
publications. Given the narrative nature of this review, no for-
mal systematic selection process or quality assessment was per-
formed, and the potential for selection bias should be acknowl-
edged.

VITAMIN D

Vitamin D physiology, receptor signalling, and
dysregulation in CKD

Vitamin D metabolism involves two essential hydroxylation
steps required for the generation of the active form, 1,25(0H),D.
The first occurs in the liver, where either cholecalciferol (Ds)
or ergocalciferol (D,) is converted into 25-hydroxyvitamin D
[25(0OH)D], the main circulating form. The second and biolog-
ically critical hydroxylation primarily takes place in the renal
proximal tubules, where the enzyme la-hydroxylase converts
25(0OH)D into 1,25(0H),D [5].

This active molecule exerts its biological effects primarily
through binding to the intracellular vitamin D receptor (VDR), a
transcription factor belonging to the nuclear receptor superfam-
ily [6]. The VDR is expressed in a wide range of tissues, including
organs directly involved in calcium-phosphate homeostasis (e.g.
intestine, bone, and kidney) as well as other sites that are not pri-
marily engaged in mineral metabolism. Upon ligand binding, the
VDR heterodimerizes with the retinoid X receptor and translo-
cates into the nucleus, where it interacts with vitamin D re-
sponse elements in target genes promoters to regulate transcrip-
tion of hundreds of genes involved in mineral metabolism, as
well as cellular proliferation, differentiation, and immune func-
tion. In addition to these genomic effects, rapid nongenomic ac-
tions mediated by membrane-expressed VDR have also been de-
scribed [7]. These involve activation of second-messenger sys-
tems and kinase cascades, including phospholipase C, protein
kinase C, mitogen-activated protein kinases (MAPKs), and phos-
phatidylinositol 3-kinase (PI3K)/Akt signalling, enabling rapid
modulation of cellular responses independently of gene tran-

scription. In chronic kidney disease (CKD), the renal activa-
tion of vitamin D is impaired, as the progressive loss of func-
tioning nephron mass reduces the number of proximal tubu-
lar cells expressing la-hydroxylase. Elevated fibroblast growth
factor 23, a hallmark of CKD, further suppresses la-hydroxylase
while simultaneously inducing 24-hydroxylase, the enzyme re-
sponsible for catabolizing both 25(0H)D and 1,25(0H),D [8]. Sys-
temic inflammation—commonly observed in CKD fuels per-
sistently high levels of tumour necrosis factor alpha (TNF-
«) and interleukin-6 (IL-6), which also downregulate renal la-
hydroxylase expression [9].

In parallel, CKD is associated with reduced levels not only
of the active metabolite 1,25(0H),D but also of its precursor
25(OH)D. Together, these mechanisms contribute to reduced cir-
culating levels of both 25(0OH)D and 1,25(0OH),D in CKD. More-
over, VDR expression may be reduced in CKD due to uraemia,
inflammation, and secondary hyperparathyroidism, potentially
contributing to vitamin D resistance and impaired downstream
signalling [12].

Effects of vitamin D on innate immunity

Both la-hydroxylase and the VDR are expressed in multiple
immune cells, including macrophages, DCs, and lymphocytes.
This enables them to locally convert circulating 25(OH)D into
active 1,25(0H),D, allowing for autocrine and paracrine sig-
nalling within immune tissues independent of renal function
[13]. The capacity of immune cells to autonomously regulate vi-
tamin D activation provides a mechanistic basis for its broad
immunomodulatory effects across both innate and adaptive im-
mune pathways [14], as illustrated in Fig. 1.

A major mechanism by which vitamin D enhances innate de-
fence is through VDR-mediated upregulation of some antimi-
crobial peptides, such as cathelicidin (LL-37) and 8-defensins, in
monocytes, macrophages, neutrophils, and epithelial cells [15].
These molecules are key components of the innate immune bar-
rier: LL-37 disrupts microbial membranes and neutralizes endo-
toxins, whereas g-defensins act as chemotactic and microbici-
dal peptides at epithelial and mucosal surfaces, providing broad
antibacterial, antiviral, and antifungal protection [15, 16].

Local production of 1,25(0H),D further enhances
macrophage function by promoting phagocytosis, microbial
killing, and by modulating cytokine production. Specifically, VDR
activation suppresses the transcription of pro-inflammatory
cytokines, such as TNF-«, interferon-y (IFN-y), and IL-6, while
promoting the expression of anti-inflammatory mediators
including interleukin-10 (IL-10) [17]. This contributes to a shift
in macrophages from a classically activated (M1) to an alter-
natively activated (M2) phenotype, at least in part through
activation of Janus kinase (JAK)/signal transducer and activator
of transcription 3 (STAT3) signalling pathways, and downstream
metabolic regulators such as Peroxisome Proliferator-Activated
Receptors (PPARy), which collectively favour anti-inflammatory
polarization, associated with tissue repair and resolution of
inflammation [18, 19].

In addition to these transcriptionally-induced effects, vi-
tamin D also modulates innate immune activation through
rapid mechanisms that are not mediated by changes in gene
transcriptome. Liganded VDR directly interacts with I«B kinase
(IKKB), a key kinase in the nuclear factor kappa-light-chain-
enhancer (NF-«B) pathway, thereby disrupting IKK complex as-
sembly and preventing IkBa phosphorylation and degradation.
This stabilizes IxBa and blocks NF-«B nuclear translocation,
leading to reduced expression of pro-inflammatory mediators
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Figure 1: Inmunomodulatory pathways of vitamin D. The active vitamin D metabolite 1,25(0H),D exerts broad effects on innate and adaptive immunity. In innate
immune cells, vitamin D enhances antimicrobial defence by increasing the production of antimicrobial peptides in epithelial cells, neutrophils, and macrophages, while
promoting an anti-inflammatory macrophage phenotype (M2 polarization) and inhibiting NF-«B-driven pro-inflammatory cytokine production. Vitamin D also impairs
DC maturation, favouring the development of tolerogenic (tDC) rather than immunogenic phenotype (iDC), that promote Treg induction. In adaptive immunity, vitamin
D modulates T-cell differentiation by suppressing Th1 and Th17 responses while promoting Th2 and Tregs, thereby contributing to immune tolerance. Additionally,

vitamin D inhibits B-cell differentiation into plasma cells. Created using BioRender.

[20]. Given the central role of NF-«B in driving M1 macrophage
polarization, this VDR-IKKg-dependent mechanism may also
contribute to the shift towards an anti-inflammatory M2 phe-
notype [18].

Vitamin D also exerts important effects on DCs. Exposure to
1,25(0CH),D impairs DC maturation, through a reduced expres-
sion of surface costimulatory molecules (CD80, CD86, and Ma-
jor Histocompatibility Complex (MHC) class II. C) and decreased
secretion of pro-inflammatory cytokines such as interleukin-
12 (IL-12) [21]. These changes result in the development of a
tolerogenic DC phenotype (tDC), which, upon antigen encounter,
favours the induction of Tregs over effector T cells, thereby pro-
moting an anti-inflammatory response [22, 23].

Effects of vitamin D on adaptive immunity

Vitamin D also affects adaptive immunity by modulating T and
B lymphocytes differentiation and function (Fig. 1).
Experimental studies suggested that vitamin D inhibits Thl
and Th17 responses while promoting Th2 and Tregs function.
1,25(0H),D suppresses the in vitro differentiation of naive T cells
into Th1 cells and reduces their production of IFN-y [24]. Sim-
ilarly, it downregulates interleukin-17 (IL-17) synthesis by Th17
cells, and experimental autoimmune encephalomyelitis in mice,
a Th17-mediated condition [25]. In contrast, vitamin D promotes
the in vitro conversion of naive T cells into Tregs and Th2 cells,
through direct effects on T cells, in addition to the DC-mediated
mechanism described above. Specifically, 1,25(0H),D enhances
Th2 polarization through increased interleukin-4 (IL-4) produc-
tion and supporting Tregs differentiation via upregulation of

transforming growth factor-g (TGF-p), IL-10, and the transcrip-
tion factor FOXP3 [26, 27]. These shift towards Tregs and Th2
cells promote an anti-inflammatory immune profile and favour
immune tolerance.

Collectively, this vitamin D-driven immunologic shift to-
wards a more tolerogenic and anti-inflammatory T-cell profile
may be particularly relevant in autoimmune and inflammatory
diseases. However, whether these biological mechanisms trans-
late into clinically meaningful effects of vitamin D supplementa-
tion in humans with autoimmunity remains uncertain. The few
available trials exploring the effect of vitamin D supplementa-
tion on T-cell subpopulations and cytokines levels in patients
with autoimmune diseases—including systemic lupus erythe-
matosus (SLE), Hashimoto thyroiditis, and multiple sclerosis—
have yielded inconsistent results [28-31]. In contrast, random-
ized controlled trials in type 1 diabetes mellitus have shown that
cholecalciferol supplementation can increase both the num-
ber and suppressive function of Tregs, supporting a potential
disease-specific immunomodulatory effect [32].

Vitamin D also inhibits the in vitro differentiation of B cells
into plasma cells and reduces memory B cell formation, thereby
indirectly limiting immunoglobulin production and potentially
decreasing the generation of pathogenic autoantibodies [33, 34].
However, in vivo evidence on the effects of vitamin D on B cell
function remains limited. In patients with multiple sclerosis,
short-term high-dose cholecalciferol supplementation did not
alter B cell differentiation or serum immunoglobulin levels [35].
Conversely, in patients with SLE, high-dose vitamin D reduced
class-switched memory B cells and anti-double-stranded DNA
(anti-dsDNA) autoantibodies, suggesting that vitamin D may

920z Ke |1 uo sesn 09101qIq Aq $507998/02 L BEIS/S/6 | /8101ME/o/Wo0"dNnodlwspede/:SdlY Wolj pepeojumo(



4 | L.Magagnoli et al.

preferentially affect antigen-specific responses in conditions of
ongoing immune activation [31]. This selectivity aligns with the
concept that short-lived autoreactive plasma cells—generated
continuously in autoimmune diseases—may be more suscep-
tible to vitamin D-mediated regulation than long-lived plasma
cells.

Immunomodulating effects of vitamin D in kidney
disease and transplantation

The immunomodulatory mechanisms described above may
have relevant implications across several nephrological con-
ditions, including immune-mediated nephropathies, CKD, and
kidney transplantation.

In immune-mediated kidney diseases, observational stud-
ies consistently report an inverse association between serum
25(0OH)D levels and disease activity, independent of kidney func-
tion [36-39]. Moreover, low 25(0OH)D concentrations have been
linked to an increased risk of developing lupus nephritis among
patients with SLE [37, 38], as well as to more severe histopatho-
logical features in IgA nephropathy [40]. Notably, treatment
with vitamin D analogues has proven effective in reducing
proteinuria and autoantibody levels in animal models of lu-
pus nephritis, Heyman nephritis (a rat model to study mem-
branous nephropathy), and mercuric chloride-induced autoim-
mune glomerulonephritis [41].

Chronic low-grade inflammation is integral to CKD patho-
genesis and cardiovascular risk, driven by oxidative stress, ure-
mic toxins, immune dysregulation, and gut-derived endotox-
ins [4]. In this context, chronic inflammation and immune dys-
function contribute to kidney disease progression, malnutrition,
anaemia, mineral disorders, atherosclerosis, and increased sus-
ceptibility to infections [4, 42-44], thereby representing poten-
tial therapeutic targets. A limited number of small randomized
controlled trials have evaluated the anti-inflammatory effects
of vitamin D analogues in patients with CKD, with inconsistent
results [45-55] (Table 1). Despite the supportive findings, these
studies are characterized by substantial heterogeneity in design,
populations, and interventions, and have frequently reported
neutral or only modest effects on systemic inflammatory mark-
ers. Moreover, evidence supporting a beneficial impact on hard
clinical outcomes remains limited.

In kidney transplantation, observational studies have high-
lighted that vitamin D deficiency is common and linked to worse
graft function, increased rejection risk, higher incidence of pro-
teinuria [56], the development of donor-specific antibodies [57],
and increased infection-related mortality [58]. Evidence from ex-
perimental transplantation models in other organs supports a
potential immunomodulatory role of vitamin D. In a rat lung
transplantation model, calcitriol reduced acute cellular rejection
and attenuated alloimmune responses [59]. Extensive data also
derive from syngeneic and allogeneic islet transplantation mod-
els, in which calcitriol and vitamin D analogues—particularly
when combined with conventional immunosuppressive agents
such as cyclosporine A, mycophenolate mofetil, or anti-CD3
antibodies—prolonged graft survival, reduced inflammatory cy-
tokine expression, limited immune cell infiltration, and pro-
moted Treg responses [60]. These effects appear to be mediated
by a shift from Th1- towards Th2-dominant immunity, induction
of tDCs, and suppression of macrophage recruitment and NF-
«B-dependent inflammatory pathways. Despite these promising
experimental findings, clinical evidence remains scarce. A ran-
domized trial in lung transplant recipients did not demonstrate
areduction in rejection rates with high-dose cholecalciferol sup-

plementation [61], and robust clinical studies in other transplant
populations are lacking.

Overall, current data suggest an immunomodulatory role for
vitamin D in immune-mediated nephropathies, CKD, and trans-
plantation, but definitive evidence of clinical benefit is still insuf-
ficient. Most associations come from observational studies and
should be interpreted with caution, as vitamin D deficiency may
reflect disease severity, reduced sun exposure, nutritional sta-
tus, or immunosuppressive burden rather than a direct causal
relationship.

ERYTHROPOIETIN

EPO physiology, receptor signalling, and dysregulation
in CKD

EPO is a 34-kDa glycoprotein hormone produced mainly by foetal
liver cells and, in adult life, by pericapillary interstitial fibroblasts
of the kidney, in response to hypoxia [62]. Its main physiological
function is the regulation of erythropoiesis, through the promo-
tion of erythroid progenitor cell survival, proliferation, and dif-
ferentiation [63, 64]. Beyond its hematopoietic function, EPO also
acts as a cytokine and growth factor, affecting multiple organs
and the immune system [3, 65-67].

On erythroid progenitor cells, the EPO receptor (EPOR) exists
as a preformed homodimer that requires only low (picomolar)
EPO concentrations for activation [68]. Ligand binding induces
conformational changes that initiate intracellular signalling via
JAK?2, MAPK, PI3K, and STATS, ultimately leading to increased
red blood cell mass and improved oxygen delivery [69]. In non-
erythroid cells, including immune cells, EPOR can form het-
erodimers with the common g-subunit receptor (CD131), which
display a 1000-fold lower affinity for EPO compared with the ho-
modimeric EPOR [3, 67, 68]. EPO binding to EPOR/CD131 engages
intracellular pathways overlapping with those of the classical
homodimeric EPOR—such as PI3K, MAPK, and STAT5—while also
modulating NF-«B activity [62]. The activation of EPOR/CD131
elicits anti-inflammatory effects, tissue repair promotion, and
immune homeostasis maintenance, independent of erythro-
poiesis [62, 70-72]. The relative contribution of homodimeric ver-
sus heterodimeric EPOR signalling to the immune system, how-
ever, has not been fully elucidated yet.

In CKD, anaemia results primarily from inadequate endoge-
nous EPO production [73] and is further exacerbated by chronic
inflammation, which reduces iron availability through cytokine-
mediated mechanisms involving TNF-«, IFN-y, and hepcidin up-
regulation [74-78]

Effects of EPO on innate immunity

Experimental evidence indicates that EPO exerts significant im-
munomodulatory effects on both innate and adaptive immune
responses, as summarized in Fig. 2.

In macrophages, EPO signalling is predominantly associ-
ated with anti-inflammatory effects. In vitro and in vivo stud-
ies have shown that EPO suppresses macrophage production
of inflammatory mediators and several chemokines, including
CCL2, CCL3, CCL11, and CXCL1, in a dose-dependent manner
[79, 80]. Murine models of organ transplantation, kidney in-
jury, colitis, and SLE have confirmed that EPO limits prolonged
macrophage infiltration, while facilitating macrophage recruit-
ment to sites of tissue damage to support repair processes [79-
85]. In addition, EPO promotes macrophage polarization towards
an anti-inflammatory M2 phenotype through the activation of
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Figure 2: Immunomodulatory pathways of EPO. EPO exerts immunomodulatory effects on both innate and adaptive immune responses. EPO modulates macrophage
function by reducing the production of pro-inflammatory chemokines, enhancing phagocytosis of apoptotic cells, promoting polarization towards an anti-inflammatory
M2 phenotype, and limiting trained immunity. EPO also inhibits DC maturation, favouring the development of tolerogenic (tDC) rather than immunogenic phenotype
(iDC), that promote Treg induction. EPO also affects T-cell differentiation by promoting Treg and Th2 induction, while suppressing pro-inflammatory Th1 and Th17
responses, thereby contributing to an anti-inflammatory response. Additionally, EPO stimulates regulatory T follicular cells and inhibits Ty cell activity. These effects
result in an attenuation of B-cell maturation and differentiation into plasma cells. Created using BioRender.

the JAK2/STAT5 pathway downstream the EPOR [81, 86, 87]. Fi-
nally, EPO enhances macrophage-mediated clearance of apop-
totic cells through PPARy activation, a mechanism of particu-
lar relevance to SLE, where defective apoptotic cell clearance is
central to pathogenesis. Consistently, mice with EPOR-deficient
macrophages have shown impaired phagocytosis and lupus-
like symptoms [88, 89]. Intriguingly, liver tumours that evade
immune surveillance produce EPO. Selective EPOR deletion in
macrophages prevents tumour development and expansion in
mice, indicating that EPO/EPOR signalling in macrophages crit-
ically modulates antitumour immune responses. Consistently,
EPOR expression in human tumours inversely correlates with
immune cell infiltration, supporting a broader role of EPO/EPOR
signalling in regulating macrophage-driven immunity across
pathological contexts [90]. EPOR is also expressed on DCs [91].
Zhang and colleagues recently demonstrated that EPOR sig-
nalling in type 1 conventional dendritic cells (cDC1s) func-
tions as immunologic switch that promotes tolerance by en-
hancing efferocytosis-associated maturation and inducing Treg.
In contrast, cDC1-specific loss of EPOR drives a shift towards
an immunogenic phenotype, augmenting antitumour T-cell re-
sponses [92].

Effects of EPO on adaptive immunity

Resting T cells express low levels of EPOR, which is rapidly up-
regulated upon T-cell receptor (TCR) activation [3, 93]. EPO sig-
nalling through the homodimeric EPOR suppresses naive and

memory T-cell proliferation without inducing apoptosis [94, 95].
This effect restricted to activated T cells, as EPO/EPOR signalling
induces STATS5 phosphorylation only upon TCR engagement [96].

Upon TCR and costimulatory signalling, T cells produce IL-2,
driving clonal expansion via an autocrine loop. EPO/EPOR activa-
tion engages Src homology 2-containing inositol phosphatase-1
(SHIP-1), which cross-talks with the g chain of the IL-2 receptor
(IL-2Rp) to inhibit AKT and ERK phosphorylation, thereby limit-
ing T-cell activation and proliferation. SHIP-1 may also dampen
proximal TCR signalling, reinforcing EPOR-mediated suppres-
sion of T-cell responses [97].

In vitro, EPO-EPOR interaction suppresses Th17 differentia-
tion by inhibiting RAR-related orphan receptor C (RORC) expres-
sion, even under Th17-polarizing conditions, through reduced
SGK1 phosphorylation [98]. In vivo, murine models of autoim-
mune disease, including autoimmune kidney disease, confirmed
that EPO limits Th17 induction [98, 99]. EPO also promotes the
differentiation of naive CD4+ T cells into induced Tregsvia TGF-
B production by antigen-presenting cells through EPOR/CD131-
dependent signalling, involving urokinase-type plasminogen
activator-mediated activation of latent TGF-p [94]. We found that
a single injection of 10 000 IU of EPO alpha increases functional
Treg in stable patients with autoimmune hepatitis, a condition
characterized by reduced Treg number and function [100]. Simi-
larly, kidney transplant recipients with erythrocytosis due to in-
creased endogenous EPO exhibit higher Treg levels [101], sup-
porting the relevance of these immunoregulatory effects across
clinical settings.
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Tregs express EPOR and depend on IL-2 for survival and pro-
liferation. Unlike its inhibitory effect on effector T cells, EPO does
not impair Treg function. EPO-induced SHIP-1 activation inhibits
IL-2R signalling but spares Tregs by preserving IL-2Ry/STAT5
signalling and maintaining constitutive AKT suppression via en-
dogenous phosphatases [3, 94].

Finally, EPO inhibits follicular helper T-cell (Tey) differentia-
tion and T-cell-dependent B-cell maturation and antibody for-
mation [102].

Immunomodulating effects of EPO in kidney disease
and transplantation

In experimental models of kidney injury, toxin exposure, or
hypoxia, exogenous EPO exerts anti-inflammatory and tissue-
protective effects [103, 104]. These include reduced TNF-« and
IL-18 production, increased IL-10 levels, decreased mononuclear
cell chemotactic protein-1 (MCP-1) expression, reduced inflam-
matory cell infiltration, inhibition of interstitial fibrosis, and
preservation of kidney function. Consistently, a prospective co-
hort study in CKD patients showed that EPO administration at
doses used for anaemia correction is associated with increased
circulating Tregs [94]. In models of immune-mediated kidney
diseases, EPO exerts immunomodulatory and renoprotective ef-
fects. In amurine SLE, EPO treatment reduces splenic hyper-
plasia, proteinuria, and anti-dsDNA antibodies, improving renal
histopathology and decreasing glomerular IgG and C3 deposi-
tion [105]. These effects are associated with reduced inflamma-
tory cytokine expression in spleen and kidney, and a shift in
adaptive immunity towards increased Th2 and Treg cells with
concomitant reduction of Th1 and Th17 responses. Consistently,
in MRL/Ipr mice, endogenous EPO reduces T- and B-cell acti-
vation and autoantibody production, suggesting a physiologi-
cal counter-regulatory role in maintaining immune homeosta-
sis [106, 107]. EPO also upregulates heme oxygenase-1, attenu-
ates oxidative stress, and reduces inflammation and apoptosis
in experimental membranous nephropathy [108, 109].

In organ transplantation, EPO has emerged as a regulator
of macrophage-driven alloimmune responses. Ischemia-
reperfusion injury triggers the release of damage-associated
molecular patterns, which rapidly recruit and activate
macrophages, promoting inflammation, graft infiltration,
and acute rejection. In this context, macrophages can undergo
epigenetic and metabolic reprogramming that enhances their
responses to subsequent stimuli—a process known as trained
immunity—which contributes to accelerated allograft rejection
[110-113]. In a murine heart transplant model, macrophage
training with the toll-like receptor agonist CpG accelerates graft
rejection, whereas EPO both prevents and reverses this process,
promoting anti-inflammatory M2 polarization, suppressing
proinflammatory cytokine production, and reprogramming
transcriptional profiles towards immunoregulation. These ef-
fects may translate into improved graft outcomes and prolonged
allograft survival, highlighting modulation of trained immunity
as a potential therapeutic strategy in transplantation [114].

Consistently, preclinical transplant models demonstrate that
EPO prolongs graft survival also through promotion of Treg
expansion, limitation of effector T-cell responses, and sup-
port of macrophage-mediated apoptotic cell clearance. Impor-
tantly, combining EPO with costimulation blockade potently
suppresses immune-mediated graft rejection, though further
optimization is required to achieve stable immune tolerance [86,
94].

Overall, these findings formed the basis for a prospective
phase 1/2 trial (EVEREST; NCT06832189) testing the hypothe-
sis that EPO, in combination with the mechanistic Target of
Rapamycin mechanistic Target of Rapamycin (mTOR) inhibitor
everolimus, increases Treg and promotes tolerance in liver trans-
plant recipients.

Overall, EPO emerges as an immunomodulatory and renopro-
tective factor across various kidney conditions, with potential
therapeutic applications beyond anaemia management. Large
clinical trials have shown increased cardiovascular risk when
targeting higher hemoglobin levels [115]. Protumourigenic ef-
fects have also been reported. While initially attributed to direct
proliferative effects of EPO on cancer cells [116], these may also
reflect the immune inhibitory effects of EPO, analogous to other
immune-modulating therapies.

CONCLUSION

Vitamin D and EPO are renal-derived hormones with established
roles in mineral metabolism and erythropoiesis, respectively, but
accumulating evidence supports broader, partially overlapping
effects on immune regulation.

First, both pathways modulate innate and adaptive im-
munity, influencing immune cell activation and inflammatory
balance. This suggests potential relevance across immune-
mediated kidney diseases and transplantation, although their
effects are context-dependent and not yet fully defined.

Second, current clinical use of vitamin D analogues and
EPO is not guided by immunological endpoints. While preclin-
ical data are compelling, clinical evidence for meaningful im-
munomodulatory benefits remains limited and sometimes in-
consistent.

Third, these pathways may represent therapeutic targets,
but translation into practice is premature. Rigorous mechanis-
tic studies and well-designed clinical trials are needed to define
efficacy, optimal dosing, and patient selection.

Overall, vitamin D and EPO highlight the kidney’s role in
systemic immune regulation, but their integration into im-
munomodulatory strategies in nephrology requires further ev-
idence.
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