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Membranous nephropathy (MN) is a primary glomerular disease commonly causing adult nephrotic
syndrome. Characterized by thickened glomerular capillary walls due to immune complex deposition,
MN is a complex autoimmune disorder. Its pathogenesis involves immune deposit formation,
complement activation, and a heightened risk of renal failure. Central to MN is immune system
dysfunction, particularly the dysregulation of B and T cell responses. B cells contribute to renal injury
through the production of autoantibodies, particularly IgG targeting the phospholipase A2 receptor
(PLA2R) on podocytes, while T cells modulate immune responses that influence disease progression.
Metabolic reprogramming alters lymphocyte survival, differentiation, proliferation, and function,
potentially triggering autoimmune processes. Although the link between immune cell metabolism and
MN remains underexplored, this review highlights recent advances in understanding immune
metabolism and its role in MN. These insights may provide novel biomarkers and therapeutic

strategies for MN treatment.

Membranous nephropathy (MN) is a primary glomerular disease com-
monly causing adult nephrotic syndrome, about 80% of MN cases don’t
have clear secondary cause, called idiopathic membranous nephropathy
(IMN) or primary membranous nephropathy (PMN), and about 20% of
MN cases are secondary to autoimmune diseases, infections, malignant
tumors, medicine use, and heavy-metal toxicity, called secondary mem-
branous nephropathy(SMN), It presents as diffuse subepithelial immune
complex deposition on the glomerular basement membrane (GBM) which
leads to GBM thickening, the alteration of podocyte structure, causing the
appearance of substantial proteinuria'”.

To date, nearly 10 autoantigens have been identified in human MN,
significantly advancing our understanding of its pathogenesis and
clinical management. The most well-characterized autoantigens include
phospholipase A2 receptor 1(PLA2R) and thrombospondin type 1
domain-containing 7A(THSD7A)*, which are implicated in the majority of
IMN cases. Additionally, other autoantigens such as exostosin 1(EXT1),
exostosin  2(EXT2), neural EGF-like-1 protein(NELL1), semaphorin
3B(Sema3B), and protocadherin 7(PCDH?7) have been identified in specific
subsets of patients, highlighting the heterogeneity of MN". These discoveries
have not only deepened our understanding of the disease mechanisms but

also revolutionized clinical practice. For instance, several autoantibody
assays targeting these antigens are now widely used in clinical settings,
enabling more precise monitoring of disease progression and prediction of
treatment responses.

While anti-PLA2R antibodies are the primary autoantigen involved
in most cases of idiopathic MN, other autoantibodies have been iden-
tified in some patients, suggesting a more complex pathogenic land-
scape. This heterogeneity underscores the need for personalized
approaches to diagnosis and treatment’. Furthermore, immune
responses in MN are closely linked to metabolic alterations, a field that
has gained increasing attention in recent years. Emerging evidence
highlights the role of immunometabolism—metabolic reprogramming
of immune cells in response to microenvironmental signals. Immune
cells adapt nutrient uptake and utilization to meet functional demands,
impacting signaling, differentiation, and function™®. Although research
has primarily focused on immune cell imbalances, the link between
immune metabolism and MN remains underexplored™’, In auto-
immune diseases, metabolic reprogramming involves shifts from oxi-
dative phosphorylation(OXPHOS) to aerobic glycolysis, driven by
intrinsic and extrinsic signals''. This review explores key metabolic
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Fig. 1 | The role model of immune cells in mem-
branous nephropathy. APCs can recognize PLA2R
antigens and then present PLA2R fragments on MHC DC
Class II molecules on their surface to Naive T. Sti-
mulated T cells differentiate into helper T (Th) cells
and release cytokines, which are fed back to B cells,
stimulating division and differentiation into plasma
cells and antibody-producing and memory B cells.
Autoantibodies begin to target PLA2R on the basal
surface of podocytes and activate complement to form
membrane attack complex (MAC). NK exerts
antibody-dependent cell-mediated cytotoxicity LA
(ADCC) by interacting with immune complexes via its D
Fc receptor. Macrophages cause kidney injury by
producing the inflammatory factor TNF-a to promote
inflammation. CR1 complement receptor 1, TCR T
cell receptor, APCs antigen-presenting cells, NK Nat-
ural killer, DC Dendritic cells, GC-B germinal center
B, IFN-y cytokines interferon y, TNF-a tumor
necrosis factor This image was created by Figdraw.
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pathways (e.g., glucose, lipid, and amino acid metabolism) and their role
in MN pathogenesis. Insights into immunometabolism, including its
impact on immune cell development and function, may pave the way for
novel biomarkers and targeted therapies.

Pathogenesis of immune cells in MN

Anti-PLA2R antibodies produced by B cells, bind to PLA2R on the surface
of podocytes, forming immune complexes and depositing them on the
GBM. These immune complexes activate the complement system, leading
to a localized inflammatory response that further damages the renal tubules
and podocytes. Therapeutic strategies targeting B cells, such as rituximab,
attenuates the formation of immune complexes by selectively removing B
cells and reducing the production of anti-PLA2R antibodies".

CD4" T cells regulate the immune response by secreting cytokines that
enhance antibody production by B cells and promote immune complex
formation. In addition, T cells may also promote the exacerbation of
immune injury through interaction with B cells. Targeting the T cell acti-
vation pathway or increasing the number of regulatory T (Treg) cells and
suppressing overactive T helper (Th)17 cells can effectively reduce B cell
activation and inhibit antibody production and inflammatory responses'’.

Dendritic cells (DC) are key antigen-presenting cells that play a pivotal
role in initiating and maintaining adaptive immune responses. In MN, DCs
present podocyte antigens to naive T cells, thereby activating T cell
responses that promote autoantibody production by B cells. Dysregulated
DC function can lead to the activation of pathogenic immune responses,
exacerbating kidney injury'.

Macrophages are involved in the regulation of the immune response by
recognizing deposited immune complexes through receptors on their sur-
face, which in turn activate their effector function to produce inflammatory
factors such as tumor necrosis factor a (TNF-a), interleukin (IL) -1, IL-6, to
promote inflammation'”. By inhibiting the activation of M1-type macro-
phages or promoting the production of M2-type macrophages, immune
injury in MN may be attenuated'®.

Natural killer (NK) cells recognize and remove target cells through
their surface receptors, and activate other immune cells at an early stage by
releasing cytokines interferon y (IFN-y) to promote the immune response of
B cells and T cells. It also exerts antibody-dependent cell-mediated cyto-
toxicity (ADCC) through the interaction of its Fc receptor with the immune
complex bound by anti-PLA2R antibody'”’. Immunomodulation targeting
NK cells may also become a new direction for therapy, for example, to
improve the immune response in MN by enhancing the anti-tumor activity
of NK cells or modulating their immune surveillance function'® (Fig. 1).

Metabolic regulation of B cells

The development and differentiation of B cells involve dynamic shifts
between quiescent stages and those of rapid proliferation or increased
protein secretion, necessitating rapid adjustments in nutrient uptake and
metabolic pathway activity'’. Naive B cells, in a resting state, have minimal
metabolic demands and remain non-proliferative™. Upon antigen stimu-
lation, igniting the immune response, metabolic requirements elevate
swiftly, facilitating metabolic reprogramming—from OXPHOS to aerobic
glycolysis and tricarboxylic acid (TCA) cycling through the PI3K/AKT
pathway®, cell proliferation and differentiation are driven primarily by
antigens and are co-stimulated by secondary signaling from toll-like
receptor (TLR) ligands. Upon antigen encounter, mature follicular B cells
initiate immune responses within the germinal centers (GCs), these GC B
cells exhibit an enhanced glucose uptake and increased mitochondrial
content’. The rapid proliferation within the GC incurs significant metabolic
demands. Notably, glycolytic activity within the GC is minimal, with GC B
cells predominantly relying on the oxidation of long-chain fatty acids
(LCFAs), both externally and internally sourced to generate substantial
amounts of acetyl-CoA. This process is crucial for meeting their bioenergetic
requirements, such as ATP production””, thus facilitating affinity
maturation, clonal amplification, and positive selection** (Fig. 2).

B cells leave the GC and eventually differentiate into plasma cells(PC)
or memory B cells”, PC are categorized into two primary subsets, short-
lived plasma cells (SLPCs) and long-lived plasma cells (LLPCs)*’. In the case
of LLPCs, the fundamental OXPHOS process is predominantly sustained by
LCFAs”. In contrast to SLPCs, LLPCs exhibit a heightened reliance on
amino acids to facilitate antibody production®. Glutamine was used for both
mitochondrial respiration and anaplerotic reactions, yielding glutamate and
aspartate for antibody synthesis. Key amino acids, such as leucine and
arginine, could activate mammalian target of rapamycin complex
(mTORCI) in PC to enhance antibody production. PC exhibit increased
uptake of amino acids and glucose to meet the demands of high protein
synthesis rates”, yet they primarily use glucose for antibody glycosylation
rather than for energy™. Interestingly, LLPC have increased glucose uptake
and utilize pyruvate catabolism in the mitochondria more effectively,
demonstrating higher rates of oxygen consumption, provided that phy-
siological levels of amino acids are present™. In contrast, memory B cells
exhibit metabolic dormancy, often relying on OXPHOS, with their meta-
bolic activity possibly governed by distinct signaling pathways.

A recent study of CD5 expressing B1 cells showed increased glycolysis
and OXPHOS activity compared to B2 cells, which was supported by an
upregulation of glycolytic and OXPHOS enzymes. These B1 cells display a
metabolic adaptation to lipid-rich environments, such as the pleural and
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Fig. 2 | Developmental differentiation and metabolism of B cells. The stimulation
of the B cell receptor (BCR) causes an upregulation of glycolysis, initiating
germinal center (GC) responses. GC B cells exclusively rely on fatty acid oxi-
dation (FAO) to fuel oxidative phosphorylation (OXPHOS) for ATP produc-
tion. OXPHOS and glutamine are important for plasma cell (PC)
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differentiation. In contrast, the short-chain fatty acid (SCFA) butyrate and
glycolysis contribute to the differentiation of regulatory B cells (Bregs). TCA
tricarboxylic acid, ETC electron transport chain, AhR aryl hydrocarbon
receptor, LLPC long-lived plasma cell, LDHA lactate dehydrogenase A. This
image was created by Figdraw.

peritoneal cavities by enhancing lipid uptake, fat droplet synthesis for sto-
rage, and the use of autophagy to facilitate the beta-oxidation of lipids”.

Regulatory B cells (Breg) are recognized for their immunosup-
pressive role in autoimmune diseases, predominantly by secreting IL-
10", The aryl hydrocarbon receptor (AhR) transcription factor is
pivotal in controlling the differentiation and functionality of Breg
cells. Research has shown that the supplementation of SCFAs, par-
ticularly butyrate, stimulates the production of AhR ligands linked to
tryptophan metabolism. This process leads to an increase in the
transcription of the anti-inflammatory cytokine IL-10 in B cells”.
Furthermore, Treg functions are linked to complex III, while
OXPHOS and complexes I, IV, and V are essential for the pro-
liferation and antibody production of B lymphocytes™.

Aberrant B cell metabolism in MN

The B cell tolerance checkpoint serves to limit the potential harm caused by
an auto-reactive B cell repertoire and is interconnected with key metabolic
pathways. Dysfunction of these checkpoints is a fundamental aspect of the

pathogenesis of MN. The regulation and reprogramming of metabolic
pathways are crucial for providing the necessary metabolic support for B cell
function and immune responses. However, imbalances in immunometa-
bolism can enable autoreactive B cells to bypass self-tolerance checkpoints,
potentially initiating autoimmune diseases”. Several of these checkpoints,
including CD40, are recognized for their role in modulating B cell meta-
bolism during the activation process™.

Elevated B cell activating factor (BAFF) levels in MN could potentially
cause abnormal B-lymphocyte activation and autoimmune dysregulation”,
BAFF treatment leads to an increase in protein levels and the expression of
genes that promote glycolytic metabolism. Compared to normal B cells,
BAFF transgenic mouse-derived B cells have higher levels of glycolysis after
lipopolysaccharide (LPS) stimulation’”. BAFF is of great significance in
autoimmune diseases, particularly in disrupting B cell glucose homeostasis.
Prolonged exposure to BAFF activates the Erk1/2 pathway, which boosts
glycolysis, increases cell proliferation, and rescues autoreactive B cells. The
attachment of BAFF to the receptor activates the PI3K/AKT/mTOR path-
way. An increase in BAFF plays a dual role in B cell metabolism. It not only
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Fig. 3 | Abnormal B cell metabolism in membra-
nous nephropathy. Rapamycin complex
(mTORC)-mediated glycolytic targets are enhanced
by activation in MN B cells, leading to primitive B
cell expansion. Glutaminolysis has also been found
to contribute to primitive B differentiation in MN.
Fatty acid oxidation (FAO) and oxidative phos-

expansion of plasma cells (PCs). BCR B-cell recep-

phorylation (OXPHOS) in MN B cells, leading to l
tor. This image was created by Figdraw.
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stimulates an upregulation of glycolysis, a key process in cellular energy
production, but also facilitates the entry of pyruvate into the mitochondria.
This enhancement of pyruvate influx subsequently boosts oxidative meta-
bolism, which is another critical pathway for energy generation within the
cell®, Studies confirm that the above pathways exhibit higher activity in B
cells from MN patients (Fig. 3).

SCFAs serve as energy substrates and are converted to acetyl-CoA,
which increases OXPHOS and fatty acid synthesis (FAS), and also boosts
mitochondrial energy production and glycolysis®. B cells in autoimmunity
exhibit different lipid metabolism patterns, which have been extensively
studied in systemic lupus erythematosus (SLE)*~*2. Metabolic reprogram-
ming of lipid metabolism in SLE provides guidance for MN research. Studies
have demonstrated that fatty acid metabolism is disrupted in MN, but the
underlying mechanisms have not been further explored®.

Severe metabolic perturbations occur during the progression of MN. I-
tryptophan, l-kynurenine, gamma-aminobutyric acid (GABA), indoleace-
taldehyde, 5-hydroxyindoleacetylglycine, and N-alpha-acetyllysine, affect-
ing amino acid metabolic pathways, the citric acid cycle, pantothenate and
CoA biosynthesis, and hormone signaling pathways". Tryptophan ame-
liorates MN by inhibiting the AhR pathway through the generation of indole
metabolites”. Amino acid metabolic abnormalities may result from
increased proteolytic metabolism or alterations in energy requirements
during inflammatory states™.

Aberrant levels of citric, fumaric, and succinic acids are indicative of
mitochondrial dysfunction, indirectly mirroring the oxidative stress
observed in patients with MN, and serum citric acid levels are decreased in
patients with MN who have more severely impaired renal filtration
function””. Whether the metabolic reprogramming of amino acids in MN
affects pathogenesis through B cells will be the focus of our studies. In
conclusion, metabolic reprogramming drives autoreactive B cells in the MN.

Metabolic regulation of T cells

In the resting state, the metabolic demand of CD4* and CD8" naive T cells is
low, so they utilize a small amount of glucose for the TCA cycle and
OXPHOS"*. Upon activation, the increased energy demand triggers a
metabolic switch that enables the rapid production of ATP from other
metabolic pathways (including essential substances such as glucose and

glutamine) to support rapid cell proliferation and increased differentiation
rates. Additionally, the flux through glycolysis, the pentose phosphate
pathway (PPP), and the hexosamine pathway also increases”. Activated
effector T cells become metabolically and functionally active with increased
rates of glycolysis and OXPHOS. Thl and Th2 cells, in particular, rely on
glycolysis mediated by mTORC1 and mTORC2 respectively”. Pro-
inflammatory CD4" T cells, including Th1 and Th2 cells, utilize glycolysis
and glutaminolysis as their primary sources of energy’*”. The glycolytic
enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH) can inter-
fere with IFN-y translation in Thl cells when substrate levels are low,
highlighting the importance of glycolysis in T cell function™. Compared to
Th1 cells, T follicular helper (Tth) cells exhibit lower rates of glycolysis and
OXPHOS™, the costimulatory molecule ICOS activated mTORC1 and
mTORC?2 to drive glycolysis and lipogenesis, while inhibition of Myc or
increased Glutl metabolism promoted Tth cell responses, Tth cells might
utilize this mixed metabolism to support both proliferation and cellular
longevity while not depleting nutrients in GCs™. Memory T cells primarily
depend on fatty acid oxidation (FAO) for their energy but also utilize glucose
for OXPHOS™. Reduced glycolysis, AKT or mTOR activation, and lower
mitochondrial membrane potential or cell size are characteristics that
promote memory T cell formation™ (Fig. 4).

T cell lipid metabolism is inactive. memory T cells primarily rely on
FAO for their energy need. Th17 cell development depends on acetyl-CoA.
The rate-limiting enzyme for FAS, acetyl-CoA carboxylase 1 (ACC1),
undergoes AMPK-activated phosphorylation, which in turn regulates the
differentiation of Th17 cells by modulating the binding of the transcription
factor RORt to its target genes. Inhibition of ACC1 impairs Th1 and Th2
development, indicating a common requirement for FAS in CD4" effector
T cells®®. Tth series cells exhibit a unique lipid metabolic programme, with
the cytidine diphosphate (CDP)-ethanolamine pathway orchestrating
CXCR5 expression and localization with Tth cell responses and humoral
immunity. The CDP-ethanolamine pathway is identified as a selective
metabolic and post-transcriptional checkpoint to programme Tth cell dif-
ferentiation and to establish signalling functions from the synthesis of head
phosphatidylethanolamine (PE). Treg relies on OXPHOS and FAO to
produce ATP*. Upon activation, Treg cells upregulate the transcription
factor myocyte enhancer factor 2 (Mef2), which induces genes necessary for
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Fig. 4 | The Developmental Differentiation and
Metabolism of T Cells. Naive T cells are sustained in
a dormant state by low levels of OXPHOS. Upon
encountering an antigen, T cells experience sig-
nificant metabolic reprogramming, altering their
reliance on glycolysis to facilitate their activation
and differentiation into effector T-cell. Conversely,
memory T cells and regulatory T cells (Treg) rely on
OXPHOS and FAO to support their survival and

differentiation. TCR T cell receptor, ETC electron Th Th2
transport chain, IDO indoleamine 2,3-dioxygenase, .
mTOR mammalian target of rapamycin, FAS fatty O

acid synthesis, ACCI acetyl-CoA carboxylase 1, STAT4 STAT3
TCA tricarboxylic acid cycle. This image was created T-bet GATA3

by Figdraw.
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OXPHOS". The non-oxidative PPP regulates Treg function to prevent
autoimmunity by integrating metabolism and epigenetics®. Glycolysis is
essential for Treg function, and Foxp3 enhances fatty acid oxidative phos-
phorylation by suppressing Myc signaling and glycolysis and increasing the
expression of electron transport chain (ETC) complexes”. peroxisome
proliferator-activated receptor y (PPARY) has the potential to promote Treg
cells by increasing FAO®.

Glutamine plays a crucial role in T cell differentiation and function,
especially in Th1 and Th2 cells. Upon activation, effector T cells significantly
increase their utilization of glutamine, which provides energy through its
catabolism’'. Glutaminase deficiency suppresses Th17 development while
promoting Thl cell differentiation and function through chromatin
accessibility modulation®. Th1 and Th2 cells rely on glutaminolysis as a
metabolic source of energy, and their differentiation is regulated by key
enzymes in the glutamine synthesis pathway. Degradation of tryptophan
produces metabolic intermediates such as kynurenine, which binds to the
ABR and induces Treg cell differentiation”. The binding of CTLA4 to CD80
and CD86, co-stimulatory molecules on antigen-presenting cells (APCs),
induces the expression of the amino acid catabolic enzymes indoleamine
2,3-dioxygenase (IDO) and arginase 1 in Treg cells. The activation of these
enzymes further promotes the expression of amino acid catabolic enzymes
in Treg cells. Activation of these enzymes reduces the supply of amino acids
such as tryptophan, arginine, histidine, and threonine to the surrounding
T cells. This reduction inhibits PTEN-mediated mTOR signaling, sup-
presses effector T cell proliferation, and promotes Treg cell differentiation®.

In summary, the metabolic reprogramming of T cells influences their
activation and proliferation and determines their lineage differentiation,
involving various pathways and regulatory mechanisms in carbohydrate,
lipid, and amino acid metabolism.

Aberrant T cell metabolism in MN

Emerging research indicates that abnormal T cell responses are instru-
mental in the pathogenesis of autoimmune diseases such as MN'®".
Metabolic pathways play a vital role in the function of T cells, The micro-
environment of inflammatory diseases experiences shifts, including the
availability of energy sources. These changes dynamically affect T cell
metabolism, with energy supply molding their metabolic profiles®.

Lysine acetyltransferase 6 A (KAT6A) orchestrates the abundance of
histone acetylation in chromatin where several glycolytic genes are
located, thereby affecting glucose metabolic reprogramming and sub-
sequent CD4™ T cell responses”. Inhibition of the histone H3K27
demethylase KDMG6A/B leads to a global increase in inhibitory
H3K27me3 histone labelling, resulting in the down-regulation of key
transcription factors (myc) and subsequent metabolic reprogramming of
Th17 cells, which leads to a reduction in mitochondrial biogenesis and
concomitant anti-inflammatory effects”. These results suggest that the
use of small molecule epigenetic and metabolic inhibitors provides a basis
for understanding aspects of autoimmune disease, particularly MN, and
offers a therapeutic approach’” (Fig. 5).

Phosphatidylinositide 3-kinase interacting protein 1 (Pik3ipl) is an
upstream inhibitor of PI3K signaling”®, the loss of Pik3ip1 expression results
in reduced OXPHOS and enhanced glycolysis in T cells, which promotes
inflammatory responses upon initial onset in a hypoxia-inducible factor la
(HIF-1a)-dependent manner. Pik3ip] as a key regulator of T cell metabolic
homeostasis and highlights the importance of the Pik3ip1/Hifla/glycolysis
axis in autoimmune diseases’".

A key factor is the imbalance between Th17 and Treg cells. An increase
in the number of Th17 cells and a decrease in Treg cells lead to an increase in
the Th17/Treg, ratiometabolic reprogramming and external signals that
modulate metabolic pathways can affect the Th17/Treg balance™. With the
significant increase in the Th17/Treg ratio and the associated changes in
cytokines and transcription factors, the reduction in Treg cells brings us
closer to the early events in the pathogenesis of MN".

Itaconic acid (ITA) is an endogenous metabolite derived from the
mitochondrial TCA cycle. ITA inhibits glycolysis and OXPHOS in Th17
and Treg polarised T cells through interactions with key enzymes and
metabolites, and may be a potential therapeutic agent for autoimmune
diseases”.

Dehydroepiandrosterone sulfate (DHEAS) was identified as a sig-
nificantly down-regulated differentially expressed metabolites (DEM) in the
IMN group’®, The disturbance of steroid hormones metabolism reduced the
level of DHEA and DHEAS, thus inducing the Treg cells’ activity, further
leading to Th1-type cytokines production and interfere with the synthesis of
Th2-type cytokines”.
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Fig. 5 | Abnormal T cell metabolism in membranous nephropathy. MN T cells
exhibit enhanced glycolysis and mitochondrial oxidative phosphorylation
(OXPHOS) as well as the pentose phosphate pathway (PPP). ITA inhibits glycolysis
and OXPHOS in Th17 and Treg polarised T-cells. MMF reduces the glycolytic
activity and glutaminolytic fluxes of human CD4 + T cells activated in vitro. The loss
of Pik3ip1 expression results in reduced OXPHOS and enhanced glycolysisin T cells.
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Current research indicates that metabolic reprogramming boosts the
activation and differentiation of pro-inflammatory T cells in MN. Apart
from ATP synthesis, metabolic reprogramming can exert multiple effects on
T cells via intermediates. Studies on MN have also mainly focused on
changes in the number of T cell subsets and pathways’’, such as the effect of
calmodulin phosphatase B1 subunit (CnB1) on calmodulin phosphatase-
NFAT signaling-mediated T cell activation”. It’s still not been clearly
whether the cellular metabolic imbalance is involved in the changes in T cell
numbers, but the study of T cell metabolic imbalance in autoimmune dis-
eases such as SLE and rheumatoid arthritis (RA) may provide ideas and base
for us to study MN**.,

Other immune cells metabolism in MN

DC, Macrophages, and NK cells also play an integral and important role in
autoimmune diseases, and by modulating the metabolic pathways of these
immune cells, MN could potentially be treated. For example, inhibition of
the glycolytic pathway may attenuate pro-inflammatory cell function,
whereas enhancement of FAO may help maintain anti-inflammatory cell
activity.

Dendritic cells

DCs arise from precursor cells in the bone marrow can be further classified
into conventional cDC1, cDC2, and plasmacytoid DCs (pDCs). The dif-
ferentiation or survival of ¢cDC1 is dependent on LKB1/AMPK/FAO,
whereas cDC2 relies on reactive oxygen species (ROS) signaling®>. Both cDC
subsets undergo distinct metabolic changes and requirements during
maturation and activation, including glycolysis, lipid metabolism, mito-
chondrial changes, and epigenetic modifications, which allow them to
modulate the immune response”. DCs play a crucial role in driving

autoimmunity through various mechanisms. DCs indirectly regulate
autoantibody production through the crosstalk between Th cells and B
cells*. Impaired DC uptake and clearance of apoptotic cells can release
danger signals such as HMGBI and expose autoantigens, inducing DC
inflammatory responses and driving autoimmunity”. Stimulation of TLR
activation causes DCs to switch their energy dependence from OXPHOS to
glycolysis, allowing immediate access to the energy required for producing
inflammatory mediators and antigen presentation®. For example, Activa-
tion of cDC in the RA synovium is accompanied by increased glycolysis and
anabolism, while promoting catabolism can generate tolerogenic DCs in
monocytes. The immunometabolism of DCs is a potential therapeutic target
in RA™.

DCs in MN may also have impaired metabolism. TLR 9 activated
pDCs produce IFN, which promotes FAO and OXPHOS, especially the
oxidation of fatty acids needed for pDCs activation. IEN is crucial in
autoimmune diseases”’. However, the metabolic profile of these DCs with
MN is far from clear, future research could be geared towards this
research field.

Macrophages

Macrophages can be activated into M1 or M2 subtypes in response to
different stimuli*. In response to pro-inflammatory signals, M1 macro-
phages undergo a phenotypic switch from OXPHOS to glycolysis, leading to
renal injury in the early stages of kidney disease. In contrast, M2 macro-
phages maintain high OXPHOS and play a crucial role in the lupus nephritis
and the chronic phase of kidney injury”™'. M1 macrophages, typically
found in low-oxygen conditions, rely on glycolysis for energy production, a
process driven by HIF1a. They produce ROS through the respiratory chain,
utilizing NADPH from the pentose phosphate pathway to fuel NADPH
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oxidase. In contrast, M2 macrophages, which do not produce ROS, have a
functional respiratory chain that supports FAO™". M2 macrophages pri-
marily metabolize fat reserves and use their low ROS levels to protect tissues
during repair. Changes in macrophage metabolic pathways in autoimmune
disease-injured kidneys, also regulated by glutamine, lipids, and
mitochondria™. Those factors influencing macrophage metabolism may
disrupt M1/M2 homeostasis and exacerbate inflammation. Insulin-like
growth factor 2 (IGF-2) effectively controls inflammation by preprogram-
ming mature macrophages for OXPHOS Effects on experimental auto-
immune encephalomyelitis (EAE)”. In addition, the immune complex (IC)
can increase inflammatory reactions through the IRF5/NF-kB pathway.
Furthermore, IRF5 plays a role in regulating proinflammatory cytokines for
the development of Th1 and Th17 responses, which also stimulate immune
responses. The mechanisms by which macrophage polarization is regulated
in other autoimmune diseases have been studied™. However, whether
changes in the metabolism of these cells play a role in the pathogenesis of
MN is largely unknown.

Natural killer cells

NK cells primarily use glucose-fueled OXPHOS at rest and during activa-
tion, with glucose being the main fuel for receptor activation”. As NK cells
mature and become active, metabolic changes take place. Immature NK cells
boost the expression of glucose transporters and nutrient receptors. In the
presence of IL-15 during in vitro experiments, these immature cells develop
into mature NK cells. This maturation process is accompanied by an
increase in FAO and OXPHOS”. The upregulated OXPHOS pathway is
crucial for the production of IFN-y in activation-induced NK cells. Addi-
tionally, the metabolic regulator mTOR is vital for IL-15 signaling during the
development and activation of NK cells and the production of IFN-y, with
mTOR deficiency significantly impairing early-stage NK cell activation™.
mTOR integrates cellular growth and metabolism by enhancing cell pro-
liferation and glycolysis™. In autoimmune diseases, NK cells may enhance
the immune response by producing cytokines that regulate immune
function'”, NK cells regulate autoimmune diseases by inhibiting auto-
reactive T cell proliferation and responses and by eliminating over-
stimulated lymphocytes, macrophages, or immature DC'”". Although the
role of NK cellular metabolic changes in the pathogenesis of MN is largely
unknown, NK cells may contribute to autoimmune disease pathogenesis by
altering immune homeostasis through cytokine regulation or influencing
interactions with other cells, which would be a potential therapeutic target
for autoimmune diseases'””. This provides a reference for understanding the
molecular mechanisms of metabolism in MN.

Therapeutics targeting immunometabolism in MN
Many drugs influence metabolism and the literature has provided com-
prehensive reviews on their role in other autoimmune diseases'”'", Uti-
lizing metabolizing drugs for lymphocytes in MN holds promise as a
relatively less toxic therapeutic option with a better understanding of the
immunopathogenesis of MN.

Rituximab, a monoclonal antibody against the B cell surface antigen
CD20, is used as a first-line therapeutic agent for MN, mediating
mechanisms such as direct B cell clearance, ADCC and complement-
dependent cytotoxicity (CDC) to reduce the number of B cells'”. The energy
supply of B cells was further inhibited by interfering with their glycolytic and
fatty acid metabolic pathways during the antibody secretion and pro-
liferation phases. Alterations in B cell metabolic pathways after removal of B
cells may affect the persistence and intensity of the body’s immune response.
Rituximab effectively depletes B cells in the peripheral blood, especially
CD40" memory B cells, switching memory B cells and PC, which has been
suggested that part of the effect of rituximab may be mediated by an increase
in the Treg fraction, while affects the mechanisms of peripheral B celland T
cell tolerance'™'””. In diffuse large B cell lymphoma (DLBCL), pyruvate
dehydrogenase kinase 4 (PDK4) mediates a metabolic shift from OXPHOS
to glycolysis, resulting in rituximab resistance'®.

Mycophenolate mofetil (MMF), a prodrug of mycophenolic acid,
inhibits inosine monophosphate dehydrogenase type I, is a rate-limiting
enzyme for guanosine synthesis and DNA synthesis'”. Mycophenolic acid
also reduces the glycolytic activity and glutaminolytic fluxes of human CD4"
T cells activated in vitro'’. MMF monotherapy has almost no effect on the
treatment of IMN'"", but the effect of MMF plus corticosteroids is similar to
that of cyclophosphamide (CTX) plus corticosteroids'”. MMF can be
considered as an alternative choice for patients with poor responses to
conventional CTX and Calcium-NFAT inhibitors (CNIs) and patients who
cannot tolerate rituximab.

The proteasome mediates the degradation of several proteins during
cell growth and differentiation via the ubiquitin-proteasome pathway.
Proteasome inhibitors ultimately lead to the accumulation of misfolded
proteins that induce apoptosis'"*. In particular, it inhibits the degradation of
key enzymes of glycolysis and affects the efficiency of glycolysis, as well as
altering the OXPHOS process by affecting mitochondrial function'”. For
example, bortezomib, a selective and reversible inhibitor of the proteasome,
induces apoptosis and PC depletion by targeting high turnover PC. In
patients with refractory nephropathic MN, this results in the depletion of
activated B cells and PC'*'".

Anti-CD38 drugs such as Daratumumab and Felzartamab (MOR202)
are monoclonal antibodies that belong to the human IgGlk class. They
specifically target the CD38 protein, which is abundantly present on plas-
macytoma cells as well as on both SLPC and LLPC Interferes with the NAD*
metabolic pathway by targeting and inhibiting CD38, affecting intracellular
NAD*/NADH ratios and thus cellular energy metabolism and apoptosis'**.
The depletion of PC through these mechanisms is expected to be a pro-
mising direction for the treatment of MN'"".

Leflunomide is a low-toxicity immunoregulatory drug that inhibits the
T/B lymphocyte pyrimidine synthesis pathway by suppressing the activity of
dihydroorotate dehydrogenase. This inhibition blocks the generation of
immune products and complexes and their deposition in the glomeruli'**.
Glucocorticoids, like prednisone, could increase gluconeogenesis, leading to
fat accumulation and having secondary metabolic effects on immune
cells'. The combination of leflunomide and glucocorticoids is highly
effective in PMN'".

CNIs, which include cyclosporin A (CsA) and Tacrolimus (FK506),
affects the aerobic glycolysis and mitochondrial respiration metabolic
activity of T cells by inhibiting NFAT-dependent gene expression through
the blockade of the calmodulin-NFAT pathway'*'. CSA can restrain the
production of IL-2, IL-3, and interferon-y, as well as the translocation of
nuclear factor-activated T cells, thereby inhibiting T-cell activity and
reducing lymphocyte proliferation'”. FK506 has a similar therapeutic
mechanism to CsA, achieving immunosuppression by regulating inflam-
matory factor production and inhibiting T-cell activation and
proliferation'”. The KDIGO guidelines recommend treatment with CNIs
for PMN patients who are intolerant to glucocorticoid-combined alkylator
regimens or have contraindications to such treatment'*. A study found that
CNIs were more effective than cyclophosphamide in reducing the duration
of nephropathy and the risk of nephrotic syndrome (NS)-related
complications'”. Therefore, CNIs serve as an alternative when cyclopho-
sphamide is contraindicated. CSA has also been widely used in treating
steroid-resistant PMN. For patients receiving CNI therapy, blood levels and
renal function should be tested regularly during the drug administration
period to ensure drug safety and long-term efficacy. CNIs are commonly
used in autoimmune diseases and organ transplants to prevent rejection and
are a cornerstone of MN therapy'”.

Sodium-glucose cotransporter protein 2 (SGLT2) inhibitors as
renin-angiotensin system (RAS) blockers play a major protective role
against MN by inhibiting glucose and sodium reabsorption in the
proximal tubules, improving glomerular hemodynamics, decreasing
proteinuria, and delaying renal fibrosis in patients with chronic kidney
disease'””'”*, Meanwhile, SGLT?2 inhibitors have been reported in the
literature to have immunomodulatory effects on renal diseases by
reducing inflammation, enhancing autophagy, and reversing the

Communications Biology | (2025)8:405


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-07816-3

Review article

Table 1 | Metabolic effects of drugs with MN

Drug metabolic effect Refs

Rituximab Interfering with their glycolytic and fatty acid metabolic pathways during the antibody 106,107
secretion and proliferation phases

Mycophenolic acid (mycophenolate) Inhibits enzyme for guanosine synthesis and DNA synthesis reduces AKT-mTOR activation, 109,110
glycolysis and glutaminolytic fluxes in CD4*T cells.

bortezomib Produces cysteinyl asparagine-mediated apoptosis and PC depletion via the ubiquitin- 113,114
proteasome pathway. Inhibits the degradation of key enzymes of glycolysis.

Daratumumab and Felzartamab (MOR202) Interferes with the NAD" metabolic pathway by targeting and inhibiting CD38. 116,117

Leflunomide Inhibit the T/B lymphocyte pyrimidine synthesis pathway by inhibiting the activity of 118
dihydroorotate dehydrogenase.

Cyclosporin A(CsA) and Tacrolimus (FK506) Affects the aerobic glycolysis and mitochondrial respiration metabolic activity of T cells by 121,122
inhibiting NFAT-dependent gene expression through the blockade of the calmodulin-NFAT
pathway, restrain the production of IL-2, IL-3, and interferon-y, as well as the translocation of
nuclear factor-activated T cells.

SGLT2 (canagliflozin and empagliflozin) Inhibiting glucose and sodium reabsorption in the proximal tubules, improving glomerular 127,128

hemodynamics, decreasing proteinuria, and delaying renal fibrosis, inhibition of GDH, affects
ERK and mTORC1 activity and reduces c-Myc.

MN membranous nephropathy, mTOR mechanistic target of rapamycin; NFAT nuclear factor of activated T cells, GDH glutamate dehydrogenase.

imbalance of Th1/Th2 cells, which may play a secondary role in renal
protection'””""’. Canagliflozin affects the circulating metabolism of TCA
through inhibition of mitochondrial glutamate dehydrogenase (GDH),
affects ERK and mTORCI activity and reduces c-Mygc, resulting in
metabolic abnormalities in T cells that impair their effector function in
patients with SLE and RA. Empagliflozin appears to regulate CD4*
T cells through inhibiting the mTOR signal pathway, and T cell meta-
bolism shifts from OXPHOS to glycolysis'*"'*.

With in depth research on the immunology of MN, the treatment
options for MN will be more precise and diversified in the future. The
development of novel immunosuppressants provide more possibilities for
drug selection, aiming to reduce side effects and improve patients’ quality of
life and long-term prognosis (Table 1).

Metabolomic studies in case of MN

In recent years, several metabolomics studies have focused on identi-
fying markers in non-invasively collected samples, such as urine and
serum. These studies have highlighted significant correlations between
disease progression and processes including pyrimidine metabolism,
nicotinamide-adenine dinucleotide (NAD) metabolism, fatty acid
biosynthesis, dietary lipid digestion, and the transport of nucleosides
and related molecules'”. Patients with IMN exhibit disturbed meta-
bolism of amino acids, nucleotides, and steroid hormones'*. Serum
and urine samples from these patients show significant increases in
citric acid and four amino acids (L-asparagine, L-serine, L-threonine,
and pyroglutamic acid). Additionally, elevated levels of dicarboxylic
acids, phenolic acids, and cholesterol have been observed in the urine
of patients with severe proteinuria'*. Fatty acids, particularly palmitic
and stearic acids, are upregulated in MN, with palmitic acid inducing
endoplasmic reticulum (ER) stress in podocytes, leading to
apoptosis'*’. Jo HA et al."”’. High urinary fumarate levels have been
shown to predict composite outcomes in PLA2R-associated MN.
Fumarate hydratase, the enzyme responsible for hydrolyzing fumarate,
may influence changes in podocyte phenotypic profiles following the
development of PLA2R autoimmunity. Furthermore, several studies
have reported decreased levels of gut microbiota-derived SCFAs in
IMN. Fecal microbiota transplantation (FMT) has been used to treat
patients with MN and chronic diarrhea, resulting in reduced symp-
toms, improved renal function, and lower levels of propionate and
butyrate in feces compared to healthy controls'”’. Dysregulation of gut
flora may lead to an imbalance between immune tolerance and
immune response, promoting the production of autoantibodies and

inflammatory factors, which contribute to

progression'*,

These findings underscore the association between metabolite dis-
orders and the pathogenesis of MN, suggesting that metabolites could
serve as promising biomarkers for predicting MN. Nevertheless, the
metabolomics of MN remains in its early stages and warrants further

investigation.

kidney disease

Conclusions

While existing research on MN primarily examines the quantitative
changes in T and B immune cells, it is important to consider the broader
impact of metabolic imbalances on immune cells—imbalances that
could potentially be rectified with targeted treatments. Current evidence
points to cell-specific metabolic regulation, highlighting the prospect of
leveraging these unique pathways to fine-tune immune responses and
provide more precise, personalized treatment strategies. Cell energy
metabolism uncovers a wealth of therapeutic targets, which are relatively
uncharted, offer fewer side effects, and hold the promise of selectively
neutralizing pathogenic immune cells. Nevertheless, environmental
factors also play a role in cellular metabolism, presenting an additional
layer of complexity to this budding treatment approach for MN.
Autoimmune diseases are characterized by metabolic shifts that result in
aberrant immune cell differentiation or hyperactivation. Each immune
subset possesses a metabolic signature that supports its function, pre-
senting an opportunity to direct disease course by manipulating key
metabolic drivers. Despite this potential, appreciable gaps remain in our
comprehension of lymphocyte metabolic irregularities in autoimmune
conditions, warranting further investigation. Progress in decoding the
multifaceted metabolic dynamics of immune cells will be instrumental in
developing novel therapeutic interventions for metabolic pathways in
immunity.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.
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