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ABSTRACT: Membrane-associated RING-CH (MARCH) ligases are a family of 11 ubiquitin E3 ligases 
that regulate protein stability, trafficking, and signaling across diverse cellular contexts. Although MARCH 
ligases have been studied most extensively in immune regulation, antigen presentation, viral restriction, 
and cellular homeostasis, their roles in pulmonary biology remain incompletely defined. The lung is a 
highly specialized environmental interface that must preserve gas exchange while continuously responding 
to infectious, inflammatory, and sterile insults. These demands require careful regulation of epithelial and 
endothelial barrier integrity, innate and adaptive immune activation, and tissue repair. Current work suggests 
that MARCH ligases influence many of these processes by regulating inflammatory responses, cytokine 
receptors, antiviral signaling mediators, viral proteins, mitochondrial fission or fusion, junctional molecules, 
ciliary components, and remodeling pathways. In this review, we summarize current knowledge and highlight 
gaps in the understanding of MARCH ligase expression and function in lung-relevant cell types and disease 
contexts. Defining how MARCH ligases operate within specific lung compartments may reveal new 
regulatory mechanisms governing pulmonary immunity, barrier function, host defense, and lung remodeling. 
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1. Introduction 

Ubiquitination is a fundamental post-translational modification in which ubiquitin, a 76-amino acid 
protein, is covalently attached to lysine residues on target proteins. While its most classical role is to label 
proteins for proteasomal degradation, ubiquitination also regulates protein stability, subcellular localization, 
trafficking, and interactions [1,2]. These diverse functions allow ubiquitination to shape nearly all aspects 
of homeostasis, including cell signaling, immune activation, and stress responses [3–8]. 

Ubiquitination is carried out by an enzymatic cascade involving three main components: E1 ubiquitin-
activating enzymes (E1), E2 ubiquitin conjugating enzymes (E2), and E3 ubiquitin ligases (E3). The 
process begins when an ATP-dependent E1 activates ubiquitin to form a thioester bond [9]. Ubiquitin is 
then transferred to E2 [10], which collaborates with E3 to facilitate its attachment to a substrate protein 
[11]. Although the human genome encodes only two E1s and approximately 40 E2s, over 600 E3s have 
been identified, underscoring their critical role in conferring substrate specificity and regulatory diversity [12,13]. 
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E3 ligases are broadly categorized into three major structural classes: homologous to E6-AP carboxy 
terminus (HECT), really interesting new gene (RING), and RING-between-RING (RBR). HECT and RBR 
ligases operate by forming a transient E3~ubiquitin thioester intermediate before transferring the ubiquitin 
to the substrate protein. In contrast, RING type ligases, by far the most abundant class, act to directly 
transfer a ubiquitin from E2 to the substrate protein without an intermediate [14]. Within the RING type 
class, the membrane associated RING-CH (MARCH) ligases form a distinct subfamily. These proteins are 
defined by a conserved C4HC3 zinc coordinating motif in their RING-CH domain, which structurally 
distinguishes them from the more common C3HC4 “RING-HC” motif found in most other RING ligases [15]. 

The human MARCH family consists of 11 E3 ligases (MARCH1–11), which were discovered due to 
their homology to viral proteins which downregulate major histone compatibility class I (MHC-I) receptors 
in Kaposi’s sarcoma-associated herpesvirus [16,17]. MARCH ligases are generally divided into two 
structural subgroups: canonical MARCHs (MARCH1–6, MARCH8–9, and MARCH11), which contain 
multiple transmembrane domains, and non-canonical cytosolic MARCHs (MARCH7 and MARCH10), 
which lack these membrane spanning regions [18]. Although the functions of these enzymes vary broadly, 
much work has focused on their role in immunity, including activities involved in antigen presentation, 
lymphocyte development, infection, and inflammation [18–22]. 

As the primary interface between the external environment and internal physiology, the lung is 
constantly exposed to inhaled pathogens, allergens, and particulate matter. Pulmonary homeostasis depends 
on coordinated interactions among four broad cellular compartments [23]. Epithelial cells form the airway 
and alveolar barriers and perform specialized functions, including mucociliary clearance and gas exchange; 
endothelial cells regulate vascular barrier integrity, perfusion, and leukocyte trafficking; stromal cells 
provide structural and extracellular matrix support; and resident and infiltrating immune cells mediate 
surveillance, pathogen clearance, and inflammatory responses. Within each of these major compartments, 
there is a large cellular diversity to carry out complex, coordinated functions and respond to stimuli. This 
diversity is showcased by single-cell RNA sequencing of healthy human lungs [24]. Our analysis of this 
publicly available dataset revealed broad MARCH-family gene expression across all four pulmonary 
compartments (Figure 1). Although the roles of MARCH ligases in immunity have been reviewed 
previously [18,20–22], their organ specific functions in the lung remain poorly understood. Thus, we aim 
to review what is currently known about MARCH ligase expression and function in the lung and identify 
key remaining questions for future investigation. 
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Figure 1. MARCH-family gene expression across cell types of the healthy human lung. Dot color represents mean log-normalized 
expression, and dot size represents the percentage of cells with detectable expression of each MARCH gene. Cell types are 
grouped by functional compartments, with number of analyzed cells shown in parentheses. Data was obtained from the Krasnow 
Lab Human Lung Atlas [24]. 
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2. Materials and Methods 

Reanalysis of Single-Cell Lung Transcriptomic Data 

A publicly available single-cell RNA-sequencing dataset from the Krasnow Lab Human Lung Cell 
Atlas was analyzed to characterize MARCH-family expression in healthy human lung cells [24]. The dataset 
comprises 65,662 cells from three donors. Analyses were restricted to the 60,993 cells annotated as 
originating from lung tissue; 4669 cells annotated as originating from the blood were excluded. No 
additional normalization, dimensionality reduction, or cell-type annotation was performed; published cell-
type and compartment annotations were retained. As described by Travaglini et al. [24], 10× sequencing 
reads were processed using Cell Ranger version 2.0, and cells with fewer than 500 detected genes or 1000 
unique molecular identifiers were excluded. Using Seurat version 2.3, UMI counts were normalized to 
10,000 per cell and log-transformed using NormalizeData. Louvain clustering was performed using 
FindClusters with biologically informative principal components and empirically selected resolutions. Cells 
were subsequently separated into epithelial, endothelial, stromal, and immune compartments and iteratively 
re-clustered, as detailed by Travaglini et al. [24]. 

For each of the 11 MARCH genes and 46 annotated lung cell types, mean log-normalized expression 
was calculated across all cells assigned to that cell-type. The percentage of expressing cells was defined as 
the proportion with a normalized expression value greater than zero. Dot color represents the mean log-
normalized expression on a common, unscaled scale, permitting comparisons among cell types and 
MARCH genes within the processed dataset; dot size represents the percentage of cells with detectable 
expression. The number of cells for each cell type is shown in the figure. 

Data were imported and analyzed in R version 4.5.2 using anndataR version 1.0.2, SingleCellExperiment 
version 1.32.0, Matrix, and ggplot2 version 4.0.3. Analysis code is available upon request. 

3. Main 

3.1. MARCH-Family Expression Patterns 

The lung is a highly complex organ composed of diverse cell types that work in concert to facilitate 
gas exchange between the external environment and the bloodstream. Broadly, lung-resident cells can be 
categorized into four functional compartments: epithelial, endothelial, stromal, and immune. Single cell 
sequencing data from healthy human lungs [24] show that nearly all MARCH E3 ligases are expressed in 
one or more of these compartments, suggesting diverse roles in maintaining pulmonary homeostasis (Figure 1). 

Among the family, MARCH2, MARCH5, MARCH6, and MARCH7 are the most highly expressed and 
widely distributed ligases. These are detected across nearly all major lung cell types, positioning them to 
have a broad functional impact across compartments. In addition, MARCH8 and MARCH9 show ubiquitous 
but lower-level expression present in many lung cell types, but at relatively lower levels than the above 
family members. While their expression is more subtle, their broad distribution still suggests a potential 
role in baseline cellular regulation. 

In contrast, several MARCH ligases show cell type restricted expression patterns. For example, 
MARCH1 is predominantly expressed in immune cells, particularly within the myeloid lineage. MARCH10 
is clearly enriched in ciliated epithelial cells, while MARCH3 is modestly expressed across a few endothelial 
and stromal cell populations. Finally, MARCH4 and MARCH11 exhibit very low or undetectable expression 
across all cell types analyzed and will not be discussed further in this review. 
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3.2. MARCH-Family Proteins and Their Functions 

3.2.1. MARCH1 

MARCH1 is primarily expressed in immune cells (Figure 1) and is best known for ubiquitinating and 
downregulating immunostimulatory molecules in antigen-presenting cells [25–27]. Classically, MARCH1 
is induced by IL-10, leading to ubiquitination of key immunostimulatory molecules such as CD86 and 
MHC-II, on dendritic cells (DCs) and B cells [25–28]. Pulmonary pathogens are known to exploit this 
function to evade immune responses. For example, Francisella tularensis induces IL-10 expression, 
thereby upregulating MARCH1 and suppressing class II-mediated clearance [29]. 

From an immunological perspective, MARCH1 is critical to maintain a balance between inflammatory 
activation and tolerance. This equilibrium is most well studied in DCs, such that immature DCs express 
high levels of MARCH1 to limit premature T cell activation, whereas maturation is associated with 
MARCH1 downregulation and stability of immunostimulatory surface receptors [30,31]. However, the 
regulatory mechanisms of MARCH1 in other cell types are complex and remain incompletely understood, 
as B cells have distinct promoter elements compared with DCs [32]. Additionally, the regulation of 
MARCH1 by ubiquitination remains somewhat controversial. While some studies report that MARCH1 
can undergo auto-ubiquitination, others have suggested that its turnover may rely on distinct ubiquitin 
ligases [28,33]. 

Beyond regulating host responses, MARCH1 can also influence microbial pathogenesis. In HIV-
infected macrophages, MARCH1 reduces virion incorporation into the viral envelope [34,35]. In human 
cytomegalovirus infection, on the other hand, it enhances transferrin receptor expression, potentially 
increasing iron availability to support viral replication [36]. 

3.2.2. MARCH2 

MARCH2 is a ubiquitously expressed, membrane-associated E3 ubiquitin ligase. Indeed, MARCH2 is 
found in many pulmonary cell types, including various immune cells, vascular endothelial cells, and 
ionocytes (Figure 1). Although MARCH2 has not been greatly studied in the lung in vivo, it is known to 
regulate molecules critical for pulmonary homeostasis. For example, MARCH2 ubiquitinates ER-Golgi 
intermediate compartment protein 3, a cargo receptor of ⍺1-antitrypsin [37]. It also regulates the expression 
of cystic fibrosis transmembrane conductance regulator by associating with the CAL-syntaxin-6 complex 
at the Golgi apparatus and promoting CFTR ubiquitination [38,39]. 

Aside from regulating key pulmonary proteins, MARCH2 also contributes to the organization of 
cellular junctions and polarity in cellular systems. For example, MARCH2 is anchored to cell-cell junctions 
via DLG1 and can ubiquitinate DLG1, thereby linking MARCH2 to cellular polarity and junctional 
integrity [40]. This role in governing junctional stability was more explicitly shown in endothelial cells, 
where MARCH2 selectively targets VE-cadherin for ubiquitination via its transmembrane domain 
interactions, triggering degradation that results in adherens junction disruption [41]. 

Considering immunological contexts, MARCH2 is recognized to ubiquitinate I-kappa-B-epsilon 
(IKKε), an important antiviral type I interferon (IFN) signaling hub [42]. This is important in the context 
of negative-sense RNA virus infection, as IKK-mediated IFN signaling is critical for protection [43]. In 
addition to these homeostatic roles, MARCH2 participates in innate immune regulation. During negative-
sense RNA virus infection, type I IFN signaling relies on IKKε, a direct substrate of MARCH2 [42]. By 
ubiquitinating IKKε and promoting its degradation, MARCH2 dampens IFN responses, a pathway that 
viruses may exploit to weaken host defenses in the respiratory tract [43]. 

3.2.3. MARCH3 

MARCH3 has not been well-characterized overall within the lung, but the Human Protein Atlas 
identifies MARCH3 to be expressed predominantly in endothelial cells along with various immune cells, 
including mast cells, monocytes, T-cells, and B-cells, throughout multiple organs in the human body. 
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Although MARCH3 appears to be predominantly found in fibroblasts and endothelial cells (Figure 1), there 
are no works that currently describe MARCH3 function specifically in the lungs. However, in human vein 
and cerebral microvascular endothelial cells, MARCH3 has been suggested to be involved with endothelial 
barrier function with strengthened tight junctions when MARCH3 is depleted [44]. Regarding its immune 
function, it has been described to target IL-1 receptor and IL-3 receptor α-chain for polyubiquitination to 
regulate the IL-1 triggered inflammatory response and IL-3, respectively [45,46]. In conjunction with 
MARCH2, MARCH3 has also been found to target IL-5Rα for polyubiquitination and lysosomal 
degradation and may play a role in the negative regulation of IL-5 triggered eosinophil maturation and 
eosinophilic airway inflammation [47]. Although not described in the lungs, MARCH3 is reported to 
mediate ubiquitination and degradation of the inflammasome component NLRP3 in rat peritoneal 
macrophages, thereby reducing NLRP3-mediated macrophage pyroptosis [48]. It has also been reported to 
mediate polyubiquitination and lysosomal degradation of IL-6Rα, thereby regulating colitis-associated 
carcinogenesis [49]. Furthermore, in Zika infection, MARCH3 is described to downregulate a T-cell 
immunoglobulin mucin family member-1 (TIM-1), which is a transmembrane glycoprotein reported to act 
as an entry receptor for various flaviviruses [50]. Along with MARCH2, MARCH3 polyubiquitinates TIM-
1, targeting it for proteasomal degradation [50]. 

3.2.4. MARCH5 

MARCH5 is ubiquitously expressed, with the highest expression in B cells and lung epithelium, 
particularly in pulmonary ionocytes (Figure 1). The main role of MARCH5 is to regulate proteins involved 
in mitochondrial fission and fusion [51]. Depletion of MARCH5 leads to mitochondrial fragmentation 
through its interaction with mitochondrial dynamic protein of 49 kDa (MiD49), in which MARCH5 marks 
dynamin-related protein 1 for degradation [51]. While MARCH5 is highly expressed in the pulmonary 
ionocytes, little is known about its function within the lung [52]. MARCH5 is known to regulate 
mitochondrial function through the clearance of mitochondrial fusion protein Dynamin-related protein 1 
(Drp1) by proteasomal degradation [53]. In the case of MARCH5 depletion, Drp1 is no longer degraded, 
and uncontrollable mitochondrial division occurs [54]. Further, MARCH5 degrades misfolded proteins, 
namely mutated Superoxide Dismutase 1 (SOD-1), which is known to increase reactive oxygen species 
concentration within the mitochondria [55]. However, none of these functions were tested in pulmonary models. 

In immune contexts, MARCH5 is involved in innate response pathways critical to pulmonary pathogen 
defense. MARCH5 is a known regulator of Mitochondrial anti-viral signaling (MAVS) protein [56], an 
important antiviral signaling hub, by ubiquitinating K7 and K500, thereby promoting proteasomal 
degradation. In an influenza infection model, MARCH5 knockdown cells produce more type I IFN, which 
inhibits viral replication compared to control cells [56]. 

MARCH5 also regulates NF-κB, a central hub of inflammatory gene expression, through its interaction 
with TRAF family member-associated NF-κB activator (TANK) [57,58]. TANK is a TRAF-binding 
adaptor that normally restrains TRAF-dependent signaling, including TRAF6-mediated NF-κB activation 
downstream of innate immune receptors. MARCH5 polyubiquitinates TANK, impairing this inhibitory 
function and thereby relieving a brake on TRAF6-driven NF-κB signaling [57,59]. 

Within the lung endothelium, MARCH5 serves as a protective factor during hypoxia due to its role in 
the Akt/eNOS pathway. MARCH5 is significantly decreased during ischemic injury in endothelial cells, 
which compromises endothelial cell function. MARCH5 depletion shows impaired proliferation, 
angiogenesis, and migration, which was ameliorated by exogenous rescue. Mechanistic studies revealed 
that MARCH5 depletion disrupts eNOS, p-eNOS, and Akt1-mediated angiogenesis [60,61], highlighting 
its protective role during hypoxic lung injury. 

3.2.5. MARCH6 

MARCH6 is expressed ubiquitously throughout the body, as it is a polytropic membrane protein 
integrated into the endoplasmic reticulum membrane. MARCH6 mediates cholesterol synthesis and 
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degradation, as well as endoplasmic reticulum associated degradation, through autoubiquitination [62]. No 
work currently exists describing MARCH6’s role in pulmonary homeostasis. However, it is a known 
inhibitor of angiogenesis in umbilical vein endothelial cells [63], highlighting its potential importance in 
pulmonary development and disease. MARCH6 represents a currently understudied and potentially 
important ligase within the pulmonary microenvironment, warranting future investigation. 

3.2.6. MARCH7 

MARCH7, also known as Axotrophin, is ubiquitously expressed in the lung throughout stromal, 
epithelial, endothelial, and immune cell compartments. Its expression is tightly regulated by 
deubiquitylating enzymes USP7 within cellular nuclei, and USP9x, which acts in the cytosol [64]. Although 
MARCH7 has not been explicitly studied within lung tissue, cellular studies have shown its importance for 
fundamental pulmonary processes. For example, MARCH7 ubiquitinates and degrades nephrocystin-5, a 
positive regulator of ciliogenesis, which is carefully regulated to control cilia formation at distinct points 
within the cell cycle [65]. Furthermore, MARCH7 also controls NLRP3 ubiquitination [66,67], a well-
described innate immune sensor responsible for detecting and coordinating responses against a plethora of 
pulmonary pathogens, most recently Influenza A virus [68].  

Regarding MARCH7’s broader role in immunity, it is most well-known to regulate immunological 
tolerance. Initial gene expression profiling identified it as selectively upregulated in tolerant splenocytes, 
in a murine model of transplantation [69]. Subsequent functional studies using MARCH7 deficient mice 
demonstrated that loss of Axotrophin results in enhanced T cell proliferation and increased production of 
leukemia inhibitory factor, reinforcing MARCH7s role in regulating the balance between tolerance and 
rejection [70]. These findings were further supported by human studies correlating Axotrophin and FOXP3 
expression with CD4+CD25+ T-regulatory cells [71], solidifying MARCH7 as a key regulator of 
immunological tolerance and activity and emphasizing the need for further investigation into its pulmonary 
specific roles. 

3.2.7. MARCH8 

MARCH8 is expressed at relatively low but ubiquitous levels in the lung, with detectable expression 
in stromal, immune, epithelial, and endothelial cells (Figure 1). Subcellularly, it localizes primarily to 
intracellular membrane compartments, including the Golgi apparatus, endosomes, and lysosomes. 

Emerging evidence implicates MARCH8 in multiple forms of pulmonary pathology. In fibrotic lung 
disease, MARCH8 expression is reduced in patient tissue samples. Experimental manipulation 
demonstrates an inverse relationship between MARCH8 levels and fibrotic markers including ⍺-Smooth 
Muscle Actin, collagen type I, and fibronectin, suggesting MARCH8 may act as a negative regulator of 
fibrotic remodeling [72]. Similarly, transcriptome analysis in non-small cell lung cancer (NSCLC) shows 
that reduced MARCH8 expression correlates with more advanced disease and poorer prognosis. 
Mechanistically, MARCH8 promotes degradation of oncogenic signaling mediators. Overexpression of 
MARCH8 decreases drivers of cellular proliferation, such as phosphorylated AKT and mTOR, and 
suppresses metastatic markers such as N-cadherin, Snail, and Twist [73]. In addition to its endogenous 
tumor-suppressive role, MARCH8 has been implicated in EGFR-targeted therapy responses. Treatment 
with the EGFR inhibitor Osimertinib induces MARCH8-dependent degradation of Death Receptor 4 (DR4) 
and reduces DR4 transcription, effects associated with improved survival [74]. Collectively, these findings 
position MARCH8 as a multifaceted regulator of pulmonary disease progression. 

Beyond its role in pulmonary pathology, MARCH8 is well characterized as a regulator of antiviral host 
defense. Most studies have focused on its ability to restrict viruses, even respiratory viruses such as 
Influenza A virus (IAV), Respiratory Syncytial Virus (RSV), and Severe Acute Respiratory Syndrome 
Coronavirus 2 (SARS-CoV-2). In IAV infection, MARCH8 limits viral propagation through at least two 
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distinct mechanisms: (1) it interferes with hemagglutinin (HA) cleavage and maturation by furin [75], and 
(2) it ubiquitinates the viral M2 protein, promoting its degradation [76]. Together, these mechanisms reduce 
the production of infectious progeny. In RSV, MARCH8 targets the viral small hydrophobic (SH) protein 
for degradation, thereby suppressing host cell apoptosis and permitting productive replication. Loss of SH 
in the presence of MARCH8 enhances apoptosis and limits viral spread [77]. More recently, MARCH8 has 
been shown to ubiquitinate both the nucleocapsid (N) and spike (S) proteins of SARS-CoV-2, further 
supporting a model in which MARCH8 restricts viral replication through direct targeting of essential viral 
proteins [78,79]. In addition to directly modifying viral membrane glycoproteins, MARCH8 also regulates 
the early stages of infection by modulating host restriction factors. Notably, MARCH8 influences the 
expression of Interferon-Induced Transmembrane Protein-3 (IFITM3) [80], a well-established antiviral 
factor that restricts entry of multiple respiratory viruses, including IAV [81,82], RSV [83], SARS-CoV-2 
[84,85], human metapneumovirus [86], and more. Collectively, these findings indicate that MARCH8 
restricts respiratory viruses through dual mechanisms: direct ubiquitination of viral components and 
indirect amplification of host antiviral defenses. 

In addition to its direct antiviral functions, MARCH8 serves as a negative regulator of innate and 
adaptive immune signaling, acting as a molecular rheostat to control inflammation. Within RNA sensing 
pathways, MARCH8 is recruited by Tetherin to ubiquitinate the mitochondrial antiviral signaling protein 
(MAVS), promoting its degradation and dampening downstream IFN production following RIG-I-like 
receptor (RLR) activation [87,88]. This mechanism provides feedback inhibition to limit 
hyperinflammatory responses after RNA detection. MARCH8 similarly regulates DNA sensing pathways 
by ubiquitinating cyclic GMP-AMP synthase (cGAS) following DNA sensing, thereby restraining type I 
IFN production [89]. Beyond innate sensing pathways, MARCH8 also modulates adaptive immune 
signaling. It ubiquitinates the IL-7 receptor alpha chain (IL-7Ra), attenuating IL-7 signaling, which is 
critical for T cell homeostasis and expansion [90]. Through this mechanism, MARCH8 contributes to the 
regulation of T cell production and helps limit autoimmune pathology. Together, these findings position 
MARCH8 as a key checkpoint that balances antiviral defense with prevention of immune-based tissue damage. 

3.2.8. MARCH9 

MARCH9, another under-characterized E3 ligase, has been reported in the lungs to decrease 
intercellular adhesion molecule 1 (ICAM-1), a protein that plays a role in cell migration [91]. MARCH9 
has been implicated in its involvement with the downregulation of cell surface major histocompatibility 
complex class I (MHC-I) by endosomal targeting and degradation [92] or in MHC-I trafficking to 
endosomes by ubiquitinating various proteins, such as CD1a and XPT [93]. MARCH9 appears to be 
localized in the trans Golgi network, where MARCH9 may also involve maintaining Golgi integrity [92–
94]. Further, in conjunction with MARCH4, MARCH9 has been described to downregulate Mult1, a ligand 
to the stimulatory receptor NKG2D expressed by NK cells and some T cell subsets, and MHC-I [92,95]. 
MARCH9 is also involved with inflammatory processes, inhibiting the inflammasome NLRP3 activation 
by facilitating proteasomal degradation of NLRP3 [96]. MARCH9 also demonstrated a significant 
reduction in IL-6 responsiveness and a significant decrease in cell-surface IL-6Rα in the mouse M1 myeloid 
leukemia cell line [91]. Further studies are necessary to investigate the mechanisms involved in the lungs. 

3.2.9. MARCH10 

Within the lungs, MARCH10 is predominantly expressed within ciliated epithelial cells, where it plays 
a critical role in maintaining ciliary function during viral disease [97]. Influenza A infection has been shown 
to decrease MARCH10 expression in ciliated lung epithelial cells and reduce ciliary beating. Studies 
revealed that knock down of MARCH10 in ciliated epithelial cells decreased dynein axonemal intermediate 
chain 1 (DNAI1), a critical component of cilia [97]. While not expressed within immune cells, MARCH10 
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plays a role in the innate immune response to viral infection, namely influenza A virus. During influenza 
virus infection, viral envelope glycoprotein hemagglutinin (HA) binds exposed sialic acid residues that are 
abundant on lung epithelial cells to trigger endocytosis and subsequent fusion [98]. MARCH10 has been 
shown to polyubiquitinate influenza HA, targeting it for degradation [99]. MARCH10 overexpression in 
lung epithelial cells infected with influenza virus infection also decreased influenza HA protein levels and 
decreased IL-1β cytokine expression [97,98].  

4. Discussion 

This review highlights the MARCH family as an understudied group of E3 ligases with broad relevance 
to pulmonary biology (Table 1). Reanalysis of healthy human lung single-cell data suggests that nearly all 
MARCH ligases are expressed in one or more lung compartments, with some broadly distributed and others 
restricted to specific cell populations (Figure 1). Together with available functional studies, these 
expression patterns suggest that MARCH ligases may coordinate a variety of pulmonary functions, 
including immune balance, epithelial and endothelial homeostasis, antiviral defense, and tissue remodeling. 

Table 1. Core attributes of MARCH E3 ligases in pulmonary biology. 

Gene Localization Function Synergistic Interactions References 

MARCH1 Immune 
Downregulation of immunostimulatory 
molecules in antigen-presenting cells 
Ubiquitination of MHC-II and CD86 

 [25–28] 

MARCH2 Ubiquitous 

Trafficking secretory proteins via 
ubiquitination of ERGIC3 
Promotes CFTR ubiquitination 
Organization of cellular junctions via 
DLG1 
IKKε Regulation  

Polyubiquitination of  
IL-5Rα, TIM-1 in conjunction 
with MARCH3 

[38–
42,47,50] 

MARCH3 
Endothelial, immune, 
fibroblasts 

Endothelial barrier stability 
Regulation of IL-1, IL-3 receptors 
Ubiquitination of IL-6Rα 

Polyubiquitination of IL-5Rα, 
TIM-1 in conjunction with 
MARCH2 

[44–
50,66,67] 

MARCH5 
Pulmonary ionocytes, 
immune, epithelial, 
endothelial 

Mitochondrial stability via Drp1 
Misfolded protein clearance 
Regulation of MAVS, NF-κB 

 [51–61] 

MARCH6 Ubiquitous Cholesterol synthesis  [62,63] 

MARCH7 Ubiquitous 
Ciliogenesis 
T cell proliferation  

 [65–67,71] 

MARCH8 Low but ubiquitous 

Regulator of fibrotic remodeling. 
NSCLC, cellular proliferation 
Antigen Presentation 
Antiviral host defense via IFIT3 
DNA/RNA Sensing  
Ubiquitination of viral protein M2 

 
[72,76–
86,89] 

MARCH9 Low but ubiquitous 

Cellular migration 
MHC-I downregulation 
Golgi integrity 
NK/T cell stimulation regulation 
Inflammatory regulation 

Downregulation of Mult1 in 
conjunction with MARCH4 

[91–96] 

MARCH10 Epithelial 
Ciliary beating 
Ubiquitination of influenza virus protein 
HA  

 [97–99] 
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4.1. MARCH E3 Ligases Serve as Critical Immune Modulators 

MARCH E3 ligases function as pulmonary immune modulators by tuning the abundance, localization, 
and signaling activity of proteins that govern host defense. Rather than acting solely as pro- or anti-
inflammatory factors, MARCH ligases appear to balance the threshold between protective immunity and 
tissue-damaging inflammation. In adaptive immunity, family members such as MARCH1 and MARCH8 
regulate antigen presentation and co-stimulatory molecule availability, thereby shaping T-cell activation 
and tolerance [25–28,30,31,100]. In innate immunity, MARCH3, MARCH7, and MARCH9 have been 
linked to regulation of the NLRP3 inflammasome, a central inflammatory sensor that coordinates IL-1β-
driven host defense but can also promote hyperinflammatory lung injury [68,101–104]. Other MARCH 
ligases modulate broader cytokine and antiviral signaling programs, including pathways controlled by NF-
κB, IKKε, MAVS, and cGAS-STING [42,43,56–58,87–89]. These activities position MARCH2, 
MARCH5, MARCH8, and related family members at key intersections between inflammatory activation, 
IFN signaling, and immune resolution. Together, these studies support a model in which MARCH ligases 
preserve pulmonary immune homeostasis by restraining excessive inflammation while maintaining 
sufficient antimicrobial and antiviral defense. 

4.2. MARCH-Mediated Antiviral Activity Is Paradoxical and Highly Context Dependent 

Respiratory viral infection represents one of the most clinically relevant pulmonary insults, yet the 
viral-focused MARCH literature often emphasizes MARCH proteins as negative regulators of antiviral 
immunity. In this framework, MARCH family members restrain excessive IFN signaling by targeting key 
innate immune mediators, including MAVS, cGAS, IKKε, and related signaling complexes [42,43,56–
58,87–89], thereby limiting the magnitude and duration of host inflammatory responses. This regulatory 
function may protect against IFN-driven immunopathology, but it can also create a permissive environment 
for viral replication depending on the timing, cell type, and pathogen involved. Conversely, several 
MARCH proteins function as direct antiviral restriction factors. MARCH8, for example, can target viral 
structural or accessory proteins, including influenza A virus M2, respiratory syncytial virus SH, and SARS-
CoV-2 nucleocapsid-associated pathways, thereby impairing productive viral replication or release [75–
79]. MARCH-dependent antiviral defense may also occur indirectly at the epithelial barrier; MARCH10 
supports ciliary function, and its loss during influenza infection may compromise mucociliary clearance 
[97,99]. Thus, although MARCH ligases are frequently positioned as immunoregulatory factors that blunt 
antiviral signaling, their net effect during pulmonary viral infection is likely determined by the balance 
between host-signal attenuation, direct viral protein restriction, and preservation of airway epithelial defense. 

4.3. Barrier Maintenance and Integrity Remain Underexpored Functions of MARCH E3 Ligases in the Lung 

The pulmonary alveolar-capillary interface requires tightly regulated epithelial and endothelial 
permeability to preserve gas exchange while permitting immune surveillance, fluid balance, and tissue 
repair. Although few studies have directly examined MARCH ligases at the pulmonary air-blood barrier, 
emerging evidence from epithelial and endothelial systems suggests that several family members may 
regulate junctional stability, vascular permeability, and mucosal defense. MARCH2, for example, has been 
implicated in the control of endothelial cell-cell adhesion by regulating VE-cadherin, a central determinant 
of vascular barrier integrity and paracellular permeability [41]. Similarly, MARCH3 and MARCH6 have 
been shown in non-pulmonary endothelial models to weaken venous or microvascular barrier function, 
raising the possibility that analogous mechanisms may contribute to pulmonary vascular leak during acute 
lung injury, viral pneumonia, sepsis, or ARDS [44,63]. MARCH5 may also be relevant in this context 
because its role in angiogenic signaling could influence vascular remodeling in diseases characterized by 
endothelial dysfunction, including pulmonary hypertension, fibrotic lung disease, and post-injury repair. In 
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the airway epithelium, MARCH10 supports ciliary structure and function, linking this family to mucociliary 
clearance, pathogen removal, and epithelial host defense [97]. Together, these findings position MARCH 
ligases as potential regulators of pulmonary barrier homeostasis across endothelial, epithelial, and ciliated 
cell compartments. Defining their lung-specific effects may reveal an underappreciated role for MARCH 
proteins in preserving alveolar-capillary integrity and limiting barrier failure during pulmonary injury. 

4.4. Chronic Remodeling, Fibrosis, and Malignancy Remain Underexplored Consequences of MARCH 
Ligase Biology 

Although MARCH ligases are most often discussed in the context of acute immune regulation, antiviral 
defense, and protein trafficking, emerging evidence suggests that this family may also influence longer-
term programs of tissue remodeling. This concept is best developed for MARCH8. In fibrotic lung disease, 
MARCH8 expression is reduced in idiopathic pulmonary fibrosis and in experimental fibrosis models, and 
loss of MARCH8 promotes the fibroblast-to-myofibroblast transition with increased expression of 
profibrotic markers such as α-SMA, collagen I, and fibronectin [72]. In parallel, MARCH8 appears relevant 
to malignant remodeling in non-small cell lung cancer, where reduced expression has been associated with 
more aggressive disease features and poorer prognosis [73]. Mechanistically, MARCH8 has been linked to 
the regulation of PI3K-AKT-mTOR signaling, epithelial-to-mesenchymal transition, and EGFR-targeted 
therapy biology through the proteasomal degradation of death receptor 4 [73,74]. While these studies are 
concentrated largely on MARCH8, they raise a broader possibility: MARCH ligases may shape not only 
acute inflammatory responses but also the chronic repair, fibrotic remodeling, and malignant transformation 
programs that follow persistent or unresolved lung injury. 

4.5. Future Directions in Pulmonary MARCH Biology 

Current MARCH E3 ligase literature has identified multiple candidate pathways through which this 
family may regulate pulmonary immunity, barrier function, antiviral defense, and tissue remodeling. 
However, a major barrier to defining their role in lung biology is the limited validation of these mechanisms 
in primary lung cells, compartment-specific systems, and in vivo pulmonary disease models. Future studies 
should determine how individual MARCH ligases function across epithelial, endothelial, stromal, and 
immune compartments during homeostasis, acute injury, infection, and chronic remodeling. In addition, 
the potential for functional redundancy or compensation among MARCH family members remains largely 
unexplored and may be essential for understanding their context-dependent effects. As host-directed 
mechanisms of inflammatory, infectious, and fibrotic lung disease continue to emerge, the MARCH family 
represents an important but still understudied regulatory layer in pulmonary biology. 

Statement of the Use of Generative AI and AI-Assisted Technologies in the Writing Process 

During the preparation of this manuscript, the authors used CoPilot and Claude to assist with phrasing 
and grammar for all sections of the manuscript. After using this tool, the authors reviewed and edited the 
content as needed and take full responsibility for the content of the published article. 

Author Contributions 

Conceptualization, M.T.; Formal Analysis, S.S.; Writing—Original Draft Preparation, S.S., A.P. and 
M.T.; Writing—Review & Editing, S.S. and M.T.; Visualization, S.S.; Funding Acquisition, M.T. 

Ethics Statement 

Not applicable. 



J. Respir. Biol. Transl. Med. 2026, 3(3), 10006. doi:10.70322/jrbtm.2026.10006 12 of 16 

 

Informed Consent Statement 

Not applicable. 

Data Availability Statement 

Single cell sequencing data is publicly available [24]. Code available on request. 

Funding 

This work was supported by K08 HL171895 and the American Lung Association to MT. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 

References 

1. Nandi D, Tahiliani P, Kumar A, Chandu D. The ubiquitin-proteasome system. J. Biosci. 2006, 31, 137–155. 
DOI:10.1007/BF02705243 

2. Komander D, Rape M. The Ubiquitin Code. Annu. Rev. Biochem. 2012, 81, 203–229. DOI:10.1146/annurev-biochem-
060310-170328 

3. Trujillo M. Ubiquitin signalling: Controlling the message of surface immune receptors. New Phytol. 2021, 231, 47–53. 
DOI:10.1111/nph.17360 

4. Sheng X, Xia Z, Yang H, Hu R. The ubiquitin codes in cellular stress responses. Protein Cell 2024, 15, 157–190. 
DOI:10.1093/procel/pwad045 

5. Martínez-Férriz A, Ferrando A, Fathinajafabadi A, Farràs R. Ubiquitin-mediated mechanisms of translational control. 
Semin. Cell Dev. Biol. 2022, 132, 146–154. DOI:10.1016/j.semcdb.2021.12.009 

6. Li Y, Li S, Wu H. Ubiquitination-Proteasome System (UPS) and Autophagy Two Main Protein Degradation Machineries 
in Response to Cell Stress. Cells 2022, 11, 851. DOI:10.3390/cells11050851 

7. Cockram PE, Kist M, Prakash S, Chen SH, Wertz IE, Vucic D. Ubiquitination in the regulation of inflammatory cell death 
and cancer. Cell Death Differ. 2021, 28, 591–605. DOI:10.1038/s41418-020-00708-5 

8. Çetin G, Klafack S, Studencka-Turski M, Krüger E, Ebstein F. The Ubiquitin–Proteasome System in Immune Cells. 
Biomolecules 2021, 11, 60. DOI:10.3390/biom11010060 

9. Schulman BA, Wade Harper J. Ubiquitin-like protein activation by E1 enzymes: The apex for downstream signalling 
pathways. Nat. Rev. Mol. Cell Biol. 2009, 10, 319–331. DOI:10.1038/nrm2673 

10. Olsen SK, Lima CD. Structure of a Ubiquitin E1-E2 Complex: Insights to E1-E2 Thioester Transfer. Mol. Cell 2013, 49, 
884–896. DOI:10.1016/j.molcel.2013.01.013 

11. Berndsen CE, Wolberger C. New insights into ubiquitin E3 ligase mechanism. Nat. Struct. Mol. Biol. 2014, 21, 301–307. 
DOI:10.1038/nsmb.2780 

12. Metzger MB, Pruneda JN, Klevit RE, Weissman AM. RING-type E3 ligases: Master manipulators of E2 ubiquitin-
conjugating enzymes and ubiquitination. Biochim. Et Biophys. Acta (BBA) Mol. Cell Res. 2014, 1843, 47–60. 
DOI:10.1016/j.bbamcr.2013.05.026 

13. Toma-Fukai S, Shimizu T. Structural Diversity of Ubiquitin E3 Ligase. Molecules 2021, 26, 6682. 
DOI:10.3390/molecules26216682 

14. Petroski MD, Deshaies RJ. Function and regulation of cullin–RING ubiquitin ligases. Nat. Rev. Mol. Cell Biol. 2005, 6, 9–
20. DOI:10.1038/nrm1547 

15. Samji T, Hong S, Means RE. The Membrane Associated RING-CH Proteins: A Family of E3 Ligases with Diverse Roles 
through the Cell. Int. Sch. Res. Not. 2014, 2014, 1–23. DOI:10.1155/2014/637295 

16. Lehner PJ, Hoer S, Dodd R, Duncan LM. Downregulation of cell surface receptors by the K3 family of viral and cellular 
ubiquitin E3 ligases. Immunol. Rev. 2005, 207, 112–125. DOI:10.1111/j.0105-2896.2005.00314.x 

17. Ishido S, Wang C, Lee BS, Cohen GB, Jung JU. Downregulation of Major Histocompatibility Complex Class I Molecules 
by Kaposi's Sarcoma-Associated Herpesvirus K3 and K5 Proteins. J. Virol. 2000, 74, 5300–5309. 
DOI:10.1128/JVI.74.11.5300-5309.2000 



J. Respir. Biol. Transl. Med. 2026, 3(3), 10006. doi:10.70322/jrbtm.2026.10006 13 of 16 

 

18. Lin H, Li S, Shu HB. The Membrane-Associated MARCH E3 Ligase Family: Emerging Roles in Immune Regulation. 
Front. Immunol. 2019, 10, 1751. DOI:10.3389/fimmu.2019.01751 

19. Bauer J, Bakke O, Morth JP. Overview of the membrane-associated RING-CH (MARCH) E3 ligase family. New Biotechnol. 
2017, 38, 7–15. DOI:10.1016/j.nbt.2016.12.002 

20. Liu H, Mintern JD, Villadangos JA. MARCH ligases in immunity. Curr. Opin. Immunol. 2019, 58, 38–43. 
DOI:10.1016/j.coi.2019.03.001 

21. Zheng C. The emerging roles of the MARCH ligases in antiviral innate immunity. Int. J. Biol. Macromol. 2021, 171, 423–
427. DOI:10.1016/j.ijbiomac.2020.12.207 

22. Zheng C, Tang YD. When MARCH family proteins meet viral infections. Virol. J. 2021, 18, 49. DOI:10.1186/s12985-021-
01520-4 

23. Kawasaki T, Ikegawa M, Kawai T. Antigen Presentation in the Lung. Front. Immunol. 2022, 13, 860915. 
DOI:10.3389/fimmu.2022.860915 

24. Travaglini KJ, Nabhan AN, Penland L, Sinha R, Gillich A, Sit RV, et al. A molecular cell atlas of the human lung from 
single-cell RNA sequencing. Nature 2020, 587, 619–625. DOI:10.1038/s41586-020-2922-4 

25. Trenker R, Wu X, Nguyen JV, Wilcox S, Rubin AF, Call ME, et al. Human and viral membrane–associated E3 ubiquitin 
ligases MARCH1 and MIR2 recognize different features of CD86 to downregulate surface expression. J. Biol. Chem. 2021, 
297, 100900. DOI:10.1016/j.jbc.2021.100900 

26. Schriek P, Ching AC, Moily NS, Moffat J, Beattie L, Steiner TM, et al. Marginal zone B cells acquire dendritic cell 
functions by trogocytosis. Science 2022, 375, eabf7470. DOI:10.1126/science.abf7470 

27. Thibodeau J, Bourgeois‐Daigneault M, Huppé G, Tremblay J, Aumont A, Houde M, et al. Interleukin‐10‐induced 
MARCH1 mediates intracellular sequestration of MHC class II in monocytes. Eur. J. Immunol. 2008, 38, 1225–1230. 
DOI:10.1002/eji.200737902 

28. Bourgeois-Daigneault MC, Thibodeau J. Autoregulation of MARCH1 Expression by Dimerization and Autoubiquitination. 
J. Immunol. 2012, 188, 4959–4970. DOI:10.4049/jimmunol.1102708 

29. Hunt D, Wilson JE, Weih KA, Ishido S, Harton JA, Roche PA, et al. Francisella tularensis Elicits IL-10 via a PGE2-
Inducible Factor, to Drive Macrophage MARCH1 Expression and Class II Down-Regulation. PLoS ONE 2012, 7, e37330. 
DOI:10.1371/journal.pone.0037330 

30. Valizadeh M, Raoofian R, Homayoonfar A, Hajati E, Pourfathollah AA. MARCH-I: A negative regulator of dendritic cell 
maturation. Exp. Cell Res. 2024, 436, 113946. DOI:10.1016/j.yexcr.2024.113946 

31. De Gassart A, Camosseto V, Thibodeau J, Ceppi M, Catalan N, Pierre P, et al. MHC class II stabilization at the surface of 
human dendritic cells is the result of maturation-dependent MARCH I down-regulation. Proc. Natl. Acad. Sci. USA 2008, 
105, 3491–3496. DOI:10.1073/pnas.0708874105 

32. Kaul S, Mittal SK, Roche PA. A major isoform of the E3 ubiquitin ligase March-I in antigen-presenting cells has regulatory 
sequences within its gene. J. Biol. Chem. 2018, 293, 4478–4485. DOI:10.1074/jbc.RA118.001775 

33. Lei L, Bandola-Simon J, Roche PA. Ubiquitin-conjugating enzyme E2 D1 (Ube2D1) mediates lysine-independent 
ubiquitination of the E3 ubiquitin ligase March-I. J. Biol. Chem. 2018, 293, 3904–3912. DOI:10.1074/jbc.RA117.001322 

34. Zhang Y, Tada T, Ozono S, Yao W, Tanaka M, Yamaoka S, et al. Membrane-associated RING-CH (MARCH) 1 and 2 are 
MARCH family members that inhibit HIV-1 infection. J. Biol. Chem. 2019, 294, 3397–3405. 
DOI:10.1074/jbc.AC118.005907 

35. Umthong S, Lynch B, Timilsina U, Waxman B, Ivey EB, Stavrou S. Elucidating the Antiviral Mechanism of Different 
MARCH Factors. mBio 2021, 12, 10-1128. DOI:10.1128/mBio.03264-20 

36. Aulicino A, Rue-Albrecht KC, Preciado-Llanes L, Napolitani G, Ashley N, Cribbs A, et al. Invasive Salmonella exploits 
divergent immune evasion strategies in infected and bystander dendritic cell subsets. Nat. Commun. 2018, 9, 4883. 
DOI:10.1038/s41467-018-07329-0 

37. Yoo W, Cho EB, Kim S, Yoon JB. The E3 ubiquitin ligase MARCH2 regulates ERGIC3-dependent trafficking of secretory 
proteins. J. Biol. Chem. 2019, 294, 10900–10912. DOI:10.1074/jbc.RA119.007435 

38. Cheng J, Guggino W. Ubiquitination and Degradation of CFTR by the E3 Ubiquitin Ligase MARCH2 through Its 
Association with Adaptor Proteins CAL and STX6. PLoS ONE 2013, 8, e68001. DOI:10.1371/journal.pone.0068001 

39. Xia D, Qu L, Li G, Hongdu B, Xu C, Lin X, et al. MARCH2 regulates autophagy by promoting CFTR ubiquitination and 
degradation and PIK3CA-AKT-MTOR signaling. Autophagy 2016, 12, 1614–1630. DOI:10.1080/15548627.2016.1192752 

40. Cao Z, Huett A, Kuballa P, Giallourakis C, Xavier RJ. DLG1 is an anchor for the E3 ligase MARCH2 at sites of cell–cell 
contact. Cell. Signal. 2008, 20, 73–82. DOI:10.1016/j.cellsig.2007.08.019 

41. Seo T, Lowery AM, Xu H, Giang W, Troyanovsky SM, Vincent PA, et al. MARCH family E3 ubiquitin ligases selectively 
target and degrade cadherin family proteins. PLoS ONE 2024, 19, e0290485. DOI:10.1371/journal.pone.0290485 



J. Respir. Biol. Transl. Med. 2026, 3(3), 10006. doi:10.70322/jrbtm.2026.10006 14 of 16 

 

42. Chang H, Wu H, Hou P, Aizaz M, Yang R, Xiang A, et al. DLG1 promotes the antiviral innate immune response by 
inhibiting p62-mediated autophagic degradation of IKKε. J. Virol. 2023, 97, e0150123. DOI:10.1128/jvi.01501-23 

43. tenOever BR, Ng SL, Chua MA, McWhirter SM, García-Sastre A, Maniatis T. Multiple Functions of the IKK-Related 
Kinase IKKε in Interferon-Mediated Antiviral Immunity. Science 2007, 315, 1274–1278. DOI:10.1126/science.1136567 

44. Leclair HM, André‐Grégoire G, Treps L, Azzi S, Bidère N, Gavard J. The E3 ubiquitin ligase MARCH3 controls the 
endothelial barrier. FEBS Lett. 2016, 590, 3660–3668. DOI:10.1002/1873-3468.12417 

45. Feng L, Li C, Zeng LW, Gao D, Sun YH, Zhong L, et al. MARCH3 negatively regulates IL-3-triggered inflammatory 
response by mediating K48-linked polyubiquitination and degradation of IL-3Rα. Signal Transduct. Target. Ther. 2022, 7, 
21. DOI:10.1038/s41392-021-00834-7 

46. Lin H, Gao D, Hu MM, Zhang M, Wu XX, Feng L, et al. MARCH3 attenuates IL-1β–triggered inflammation by mediating 
K48-linked polyubiquitination and degradation of IL-1RI. Proc. Natl. Acad. Sci. USA 2018, 115, 12483–12488. 
DOI:10.1073/pnas.1806217115 

47. Zeng LW, Feng L, Liu R, Lin H, Shu HB, Li S. The membrane-associated ubiquitin ligases MARCH2 and MARCH3 target 
IL-5 receptor alpha to negatively regulate eosinophilic airway inflammation. Cell Mol. Immunol. 2022, 19, 1117–1129. 
DOI:10.1038/s41423-022-00907-9 

48. Su XJ, Chen Y, Zhang QC, Peng XB, Liu YP, Wang L, et al. Exosomes Derived From Cerulein-Stimulated Pancreatic 
Acinar Cells Mediate Peritoneal Macrophage M1 Polarization and Pyroptosis via an miR-24-3p/MARCH3/NLRP3 Axis in 
Acute Pancreatitis. Pancreas 2024, 53, e641–e651. DOI:10.1097/MPA.0000000000002351 

49. Lin H, Feng L, Cui KS, Zeng LW, Gao D, Zhang LX, et al. The membrane-associated E3 ubiquitin ligase MARCH3 
downregulates the IL-6 receptor and suppresses colitis-associated carcinogenesis. Cell Mol. Immunol. 2021, 18, 2648–2659. 
DOI:10.1038/s41423-021-00799-1 

50. Zhang Q, Ma ZW, Li HF, Zeng JQ, Shu HB, Li S. The membrane-associated ubiquitin ligases MARCH2 and MARCH3 
target TIM-1 to limit Zika virus infection. Cell Mol. Immunol. 2025, 22, 1032–1044. DOI:10.1038/s41423-025-01334-2 

51. Xu S, Cherok E, Das S, Li S, Roelofs BA, Ge SX, et al. Mitochondrial E3 ubiquitin ligase MARCH5 controls mitochondrial 
fission and cell sensitivity to stress-induced apoptosis through regulation of MiD49 protein. Mol. Biol. Cell 2016, 27, 349–
359. DOI:10.1091/mbc.e15-09-0678 

52. Cloonan SM, Choi AMK. Mitochondria in lung disease. J. Clin. Investig. 2016, 126, 809–820. DOI:10.1172/JCI81113 
53. Yonashiro R, Ishido S, Kyo S, Fukuda T, Goto E, Matsuki Y, et al. A novel mitochondrial ubiquitin ligase plays a critical 

role in mitochondrial dynamics. EMBO J. 2006, 25, 3618–3626. DOI:10.1038/sj.emboj.7601249 
54. Nagashima S, Tokuyama T, Yonashiro R, Inatome R, Yanagi S. Roles of mitochondrial ubiquitin ligase MITOL/MARCH5 

in mitochondrial dynamics and diseases. J. Biochem. 2014, 155, 273–279. DOI:10.1093/jb/mvu016 
55. Yonashiro R, Sugiura A, Miyachi M, Fukuda T, Matsushita N, Inatome R, et al. Mitochondrial Ubiquitin Ligase MITOL 

Ubiquitinates Mutant SOD1 and Attenuates Mutant SOD1-induced Reactive Oxygen Species Generation. Mol. Biol. Cell 
2009, 20, 4524–4530. DOI:10.1091/mbc.e09-02-0112 

56. Yoo YS, Park YY, Kim JH, Cho H, Kim SH, Lee HS, et al. The mitochondrial ubiquitin ligase MARCH5 resolves MAVS 
aggregates during antiviral signalling. Nat. Commun. 2015, 6, 7910. DOI:10.1038/ncomms8910 

57. Shi HX, Liu X, Wang Q, Tang PP, Liu XY, Shan YF, et al. Mitochondrial Ubiquitin Ligase MARCH5 Promotes TLR7 
Signaling by Attenuating TANK Action. PLoS Pathog. 2011, 7, e1002057. DOI:10.1371/journal.ppat.1002057 

58. Yamamoto M, Gohda J, Akiyama T, Inoue JI. TNF receptor-associated factor 6 (TRAF6) plays crucial roles in multiple 
biological systems through polyubiquitination-mediated NF-κB activation. Proc. Jpn. Acad., Ser. B 2021, 97, 145–160. 
DOI:10.2183/pjab.97.009 

59. Kawagoe T, Takeuchi O, Takabatake Y, Kato H, Isaka Y, Tsujimura T, et al. TANK is a negative regulator of Toll-like 
receptor signaling and is critical for the prevention of autoimmune nephritis. Nat. Immunol. 2009, 10, 965–972. 
DOI:10.1038/ni.1771 

60. Gu H, Li Q, Huang S, Lu W, Cheng F, Gao P, et al. Mitochondrial E3 ligase March5 maintains stemness of mouse ES cells 
via suppression of ERK signalling. Nat. Commun. 2015, 6, 7112. DOI:10.1038/ncomms8112 

61. Boucherat O, Landry‐Truchon K, Aoidi R, Houde N, Nadeau V, Charron J, et al. Lung development requires an active 
ERK/MAPK pathway in the lung mesenchyme. Dev. Dyn. 2017, 246, 72–82. DOI:10.1002/dvdy.24464 

62. Hassink G, Kikkert M, Voorden SV, Lee SJ, Spaapen R, Laar TV, et al. TEB4 is a C4HC3 RING finger-containing ubiquitin 
ligase of the endoplasmic reticulum. Biochem. J. 2005, 388, 647–655. DOI:10.1042/BJ20041241 

63. Tan JME, van der Stoel MM, van den Berg M, van Loon NM, Moeton M, Scholl E, et al. The MARCH6-SQLE Axis 
Controls Endothelial Cholesterol Homeostasis and Angiogenic Sprouting. Cell Rep. 2020, 32, 107944. 
DOI:10.1016/j.celrep.2020.107944 



J. Respir. Biol. Transl. Med. 2026, 3(3), 10006. doi:10.70322/jrbtm.2026.10006 15 of 16 

 

64. Nathan JA, Sengupta S, Wood SA, Admon A, Markson G, Sanderson C, et al. The Ubiquitin E3 Ligase MARCH7 is 
Differentially Regulated by the Deubiquitylating Enzymes USP7 and USP9X. Traffic 2008, 9, 1130–1145. 
DOI:10.1111/j.1600-0854.2008.00747.x 

65. Das A, Qian J, Tsang WY. USP9X counteracts differential ubiquitination of NPHP5 by MARCH7 and BBS11 to regulate 
ciliogenesis. PLoS Genet. 2017, 13, e1006791. DOI:10.1371/journal.pgen.1006791 

66. Yan Y, Jiang W, Liu L, Wang X, Ding C, Tian Z, et al. Dopamine Controls Systemic Inflammation through Inhibition of 
NLRP3 Inflammasome. Cell 2015, 160, 62–73. DOI:10.1016/j.cell.2014.11.047 

67. Liang S, Zhou J, Cao C, Liu Y, Ming S, Liu X, et al. GITR exacerbates lysophosphatidylcholine-induced macrophage 
pyroptosis in sepsis via posttranslational regulation of NLRP3. Cell Mol. Immunol. 2024, 21, 674–688. 
DOI:10.1038/s41423-024-01170-w 

68. Speaks S, McFadden MI, Zani A, Solstad A, Leumi S, Roettger JE, et al. Gasdermin D promotes influenza virus-induced 
mortality through neutrophil amplification of inflammation. Nat. Commun. 2024, 15, 2751. DOI:10.1038/s41467-024-
47067-0 

69. Metcalfe SM, Muthukumarana PADS. Transplantation tolerance: Gene expression profiles comparing allotolerance vs. 
allorejection. Int. Immunopharmacol. 2005, 5, 33–39. DOI:10.1016/j.intimp.2004.09.009 

70. Metcalfe SM, Muthukumarana PADS, Thompson HL, Haendel MA, Lyons GE. Leukaemia inhibitory factor (LIF) is 
functionally linked to axotrophin and both LIF and axotrophin are linked to regulatory immune tolerance. FEBS Lett. 2005, 
579, 609–614. DOI:10.1016/j.febslet.2004.12.027 

71. Muthukumarana PADS, Lyons GE, Miura Y, Thompson LH, Watson T, Green CJ, et al. Evidence for functional inter-
relationships between FOXP3, leukaemia inhibitory factor, and axotrophin/MARCH-7 in transplantation tolerance. Int. 
Immunopharmacol. 2006, 6, 1993–2001. DOI:10.1016/j.intimp.2006.09.015 

72. Guo X, Adeyanju O, Olajuyin AM, Mandlem V, Sunil C, Adewumi J, et al. MARCH8 downregulation modulates 
profibrotic responses including myofibroblast differentiation. Am. J. Physiol. Cell Physiol. 2023, 325, C1190–C1200. 
DOI:10.1152/ajpcell.00166.2023 

73. Fan J, Tian L, Li M, Huang SH, Zhang J, Zhao B. MARCH8 is associated with poor prognosis in non-small cell lung 
cancers patients. Oncotarget 2017, 8, 108238–108248. DOI:10.18632/oncotarget.22602 

74. Zhang S, Chen Z, Shi P, Fan S, He Y, Wang Q, et al. Downregulation of death receptor 4 is tightly associated with positive 
response of EGFR mutant lung cancer to EGFR-targeted therapy and improved prognosis. Theranostics 2021, 11, 3964–
3980. DOI:10.7150/thno.54824 

75. Yu C, Li S, Zhang X, Khan I, Ahmad I, Zhou Y, et al. MARCH8 Inhibits Ebola Virus Glycoprotein, Human 
Immunodeficiency Virus Type 1 Envelope Glycoprotein, and Avian Influenza Virus H5N1 Hemagglutinin Maturation. 
mBio 2020, 11, 10-1128. DOI:10.1128/mBio.01882-20 

76. Liu X, Xu F, Ren L, Zhao F, Huang Y, Wei L, et al. MARCH8 inhibits influenza A virus infection by targeting viral M2 
protein for ubiquitination-dependent degradation in lysosomes. Nat. Commun. 2021, 12, 4427. DOI:10.1038/s41467-021-
24724-2 

77. Okura T, Takahashi T, Kameya T, Mizukoshi F, Nakai Y, Kakizaki M, et al. MARCH8 Restricts RSV Replication by 
Promoting Cellular Apoptosis Through Ubiquitin-Mediated Proteolysis of Viral SH Protein. Viruses 2024, 16, 1935. 
DOI:10.3390/v16121935 

78. Zhao Y, Sui L, Wu P, Li L, Liu L, Ma B, et al. EGR1 functions as a new host restriction factor for SARS-CoV-2 to inhibit 
virus replication through the E3 ubiquitin ligase MARCH8. J. Virol. 2023, 97, e0102823. DOI:10.1128/jvi.01028-23 

79. Lun CM, Waheed AA, Majadly A, Powell N, Freed EO. Mechanism of Viral Glycoprotein Targeting by Membrane-
Associated RING-CH Proteins. mBio 2021, 12, 10-1128. DOI:10.1128/mBio.00219-21 

80. Wei L, Zhao F, Liu X, Mei S, Huang Y, Xie Y, et al. MARCH8-mediated ubiquitination regulates expression of the antiviral 
protein IFITM3. J. Biol. Chem. 2025, 301, 110879. DOI:10.1016/j.jbc.2025.110879 

81. Chesarino NM, Compton AA, McMichael TM, Kenney AD, Zhang L, Soewarna V, et al. IFITM3 requires an amphipathic 
helix for antiviral activity. EMBO Rep. 2017, 18, 1740–1751. DOI:10.15252/embr.201744100 

82. Kenney AD, McMichael TM, Imas A, Chesarino NM, Zhang L, Dorn LE, et al. IFITM3 protects the heart during influenza 
virus infection. Proc. Natl. Acad. Sci. USA 2019, 116, 18607–18612. DOI:10.1073/pnas.1900784116 

83. Zhang W, Zhang L, Zan Y, Du N, Yang Y, Tien P. Human respiratory syncytial virus infection is inhibited by IFN-induced 
transmembrane proteins. J. Gen. Virol. 2015, 96, 170–182. DOI:10.1099/vir.0.066555-0 

84. Kenney AD, Zani A, Kawahara J, Eddy AC, Wang X, Mahesh K, et al. Interferon‐induced transmembrane protein 3 
(IFITM3) limits lethality of SARS‐CoV‐2 in mice. EMBO Rep. 2023, 24, e56660. DOI:10.15252/embr.202256660 

85. Shi G, Kenney AD, Kudryashova E, Zani A, Zhang L, Lai KK, et al. Opposing activities of IFITM proteins in SARS‐CoV‐
2 infection. EMBO J. 2021, 40, e106501. DOI:10.15252/embj.2020106501 



J. Respir. Biol. Transl. Med. 2026, 3(3), 10006. doi:10.70322/jrbtm.2026.10006 16 of 16 

 

86. McMichael TM, Zhang Y, Kenney AD, Zhang L, Zani A, Lu M, et al. IFITM3 Restricts Human Metapneumovirus Infection. 
J. Infect. Dis. 2018, 218, 1582–1591. DOI:10.1093/infdis/jiy361 

87. Jin S, Tian S, Luo M, Xie W, Liu T, Duan T, et al. Tetherin Suppresses Type I Interferon Signaling by Targeting MAVS 
for NDP52-Mediated Selective Autophagic Degradation in Human Cells. Mol. Cell 2017, 68, 308–322.e4. 
DOI:10.1016/j.molcel.2017.09.005 

88. Jin S, Cui J. BST2 inhibits type I IFN (interferon) signaling by accelerating MAVS degradation through CALCOCO2-
directed autophagy. Autophagy 2018, 14, 171–172. DOI:10.1080/15548627.2017.1393590 

89. Yang X, Shi C, Li H, Shen S, Su C, Yin H. MARCH8 attenuates cGAS-mediated innate immune responses through 
ubiquitylation. Sci. Signal. 2022, 15, eabk3067. DOI:10.1126/scisignal.abk3067 

90. Gao D, Yi XM, Feng L, Li S, Shu HB. MARCH8 Mediates K27-Linked Polyubiquitination of IL-7 Receptor α to Negatively 
Regulate IL-7–Triggered T Cell Homeostasis. J. Immunol. 2024, 213, 1467–1478. DOI:10.4049/jimmunol.2400253 

91. Babon JJ, Stockwell D, DiRago L, Zhang JG, Laktyushin A, Villadangos J, et al. Membrane-associated RING-CH 
(MARCH) proteins down-regulate cell surface expression of the interleukin-6 receptor alpha chain (IL6Rα). Biochem. J. 
2019, 476, 2869–2882. DOI:10.1042/BCJ20190577 

92. Bartee E, Mansouri M, Hovey Nerenberg BT, Gouveia K, Früh K. Downregulation of Major Histocompatibility Complex 
Class I by Human Ubiquitin Ligases Related to Viral Immune Evasion Proteins. J. Virol. 2004, 78, 1109–1120. 
DOI:10.1128/JVI.78.3.1109-1120.2004 

93. De Angelis Rigotti F, De Gassart A, Pforr C, Cano F, N'Guessan P, Combes A, et al. MARCH9‐mediated ubiquitination 
regulates MHC I export from the TGN. Immunol. Cell Biol. 2017, 95, 753–764. DOI:10.1038/icb.2017.44 

94. Luo Q, Liu Q, Cheng H, Wang J, Zhao T, Zhang J, et al. Nondegradable ubiquitinated ATG9A organizes Golgi integrity 
and dynamics upon stresses. Cell Rep. 2022, 40, 111195. DOI:10.1016/j.celrep.2022.111195 

95. Nice TJ, Deng W, Coscoy L, Raulet DH. Stress-Regulated Targeting of the NKG2D Ligand Mult1 by a Membrane-
Associated RING-CH Family E3 Ligase. J. Immunol. 2010, 185, 5369–5376. DOI:10.4049/jimmunol.1000247 

96. Lu H, Ma G, Ding C, Wang P, Ruan Q, Zeng Y, et al. The E3 ubiquitin ligase MARCH9 alleviates pyroptosis by regulating 
NLPR3 ubiquitination following myocardial ischemia reperfusion. Cell. Mol. Life Sci. 2025, 82, 348. DOI:10.1007/s00018-
025-05861-z 

97. Tsai M, Rayner RE, Chafin L, Farkas D, Adair J, Mishan C, et al. Influenza virus reduces ubiquitin E3 ligase MARCH10 
expression to decrease ciliary beat frequency. Am. J. Physiol. Lung Cell. Mol. Physiol. 2023, 324, L666–L676. 
DOI:10.1152/ajplung.00191.2022 

98. Du R, Cui Q, Rong L. Competitive Cooperation of Hemagglutinin and Neuraminidase during Influenza A Virus Entry. 
Viruses 2019, 11, 458. DOI:10.3390/v11050458 

99. Tsai M, Koch D, Forchione A, Farkas L, El-Mergawy R, Londino JD, et al. Ubiquitin E3 ligase MARCH10 targets influenza 
hemagglutinin for ubiquitination. Cell. Signal. 2025, 135, 112035. DOI:10.1016/j.cellsig.2025.112035 

100. Liu H, Jain R, Guan J, Vuong V, Ishido S, La Gruta NL, et al. Ubiquitin ligase MARCH 8 cooperates with CD83 to control 
surface MHC II expression in thymic epithelium and CD4 T cell selection. J. Exp. Med. 2016, 213, 1695–1703. 
DOI:10.1084/jem.20160312 

101. Swanson KV, Deng M, Ting JPY. The NLRP3 inflammasome: molecular activation and regulation to therapeutics. Nat. 
Rev. Immunol. 2019, 19, 477–489. DOI:10.1038/s41577-019-0165-0 

102. Wu J, Yan Z, Schwartz DE, Yu J, Malik AB, Hu G. Activation of NLRP3 Inflammasome in Alveolar Macrophages 
Contributes to Mechanical Stretch-Induced Lung Inflammation and Injury. J. Immunol. 2013, 190, 3590–3599. 
DOI:10.4049/jimmunol.1200860 

103. Grailer JJ, Canning BA, Kalbitz M, Haggadone MD, Dhond RM, Andjelkovic AV, et al. Critical Role for the NLRP3 
Inflammasome during Acute Lung Injury. J. Immunol. 2014, 192, 5974–5983. DOI:10.4049/jimmunol.1400368 

104. Dikshit N, Kale SD, Khameneh HJ, Balamuralidhar V, Tang CY, Kumar P, et al. NLRP3 inflammasome pathway has a 
critical role in the host immunity against clinically relevant Acinetobacter baumannii pulmonary infection. Mucosal 
Immunol. 2018, 11, 257–272. DOI:10.1038/mi.2017.50 


