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The role of ubiquitin ligases in
regulating immune cell functions
Saci-Elodie Marty, Linda Yip, Fangyuan Wang, Manoj Kumar
and C. Garrison Fathman*

Department of Medicine, School of Medicine, Stanford University, Palo Alto, CA, United States
Regulatory T cells (Tregs) play a central role in immune homeostasis and the

preservation of immunological self-tolerance. Treg activity depends on

prolonged IL-2 receptor (IL-2R) signaling, and impairment or loss of this

function has been linked to the development of autoimmune diseases. This

review evaluates the hypothesis that disrupted IL-2R signaling, due to enhanced

desensitization, impairs Treg suppressive function and contributes to

autoimmunity. In mice and humans, desensitization of IL-2R signaling by the

cullin-RING ligase 5 (CRL5) complex leads to reduced persistence of

phosphorylated JAK1 (pJAK1) and its downstream effector pSTAT5, a

transcription factor critical for Treg function. Activation of CRL5 requires

neddylation—a post-translational modification in which the ubiquitin-like

NEDD8 is conjugated to lysine 724 on cullin-5 (CUL5), the scaffold protein of

CRL5. Neddylation permits untethering of the RING-box protein RBX, enabling

E2 enzyme-mediated ubiquitination and proteasomal degradation of pJAK1 via

recruitment by suppressor of cytokine signaling 3 (SOCS3). This process, known

as IL-2R signal desensitization, is antagonized in Tregs by the E3 ligase GRAIL

(Gene Related to Anergy in Lymphocytes, RNF128), which mono-ubiquitinates

Lys724 to block neddylation, preventing CRL5 activation and pJAK1 degradation.

An imbalance between neddylation and mono-ubiquitination at Lys724

compromises IL-2R signaling and promotes autoimmune pathology, and

studies show GRAIL expression is diminished in Tregs from autoimmune

patients and mouse models, leading to reduced pSTAT5 activity and impaired

suppressive capacity. Pharmacologic inhibition of neddylation with pathway

inhibitors (NAEi) restores IL-2R signaling and Treg function, highlighting the

therapeutic potential of targeting this regulatory axis to preserve

immune tolerance.
KEYWORDS

neddylation, regulatory T cell (Treg), cullin ring ligases (CRLs), IL-2 receptorsignaling,
pJAK1 degradation, GRAIL, neddylation activating enzyme inhibitor (NAEi)
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1625419/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1625419/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1625419&domain=pdf&date_stamp=2025-10-15
mailto:cfathman@stanford.edu
https://doi.org/10.3389/fimmu.2025.1625419
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1625419
https://www.frontiersin.org/journals/immunology


Marty et al. 10.3389/fimmu.2025.1625419
1 Introduction

Regulatory T cells (Tregs) are a subset of CD4+ T cells that

recognize self-antigens and function to suppress immune responses

directed against autologous tissues, particularly at sites of

inflammation or tissue injury, thereby preventing autoimmunity.

Defective Treg function has been implicated as a contributing factor

in a variety of autoimmune diseases, including systemic lupus

erythematosus (SLE) (1), type 1 diabetes (T1D) (2, 3), and

rheumatoid arthritis (RA) (4). Similar Treg dysfunction has also

been observed in patients with celiac disease and Graves’ disease (5,

6). Although reduced frequencies of Tregs have been reported in

some autoimmune conditions, efforts to expand autologous Treg

populations have often failed to improve clinical outcomes, likely

due to persistent functional impairments. Therefore, therapeutic

strategies aimed at restoring Treg function rather than increasing

Treg numbers may be more effective (7, 8).

For example, low-dose IL-2 therapy in patients with Sjögren’s

syndrome led to a four-fold increase in peripheral Tregs but did not

result in measurable improvement in disease activity (9). In T1D

and multiple sclerosis (MS), Treg frequencies are not significantly

different from healthy controls, but these cells do exhibit a reduced

capacity to suppress effector T cell proliferation (2, 3, 10).

Collectively, these findings support the notion that restoring

endogenous Treg function, rather than increasing their

abundance, represents a more effect ive approach for

preventing autoimmunity.

Proper Treg function is critically dependent on interleukin-2

receptor (IL-2R) signaling and mTOR (mechanistic target of

rapamycin) pathway regulation (11, 12). Defective IL-2R signaling

is a shared immunological phenotype across multiple autoimmune

diseases. Genome-wide association studies have identified multiple

risk alleles in the IL-2/IL-2R signaling pathway that are associated

with increased susceptibility to diseases such as T1D, MS, SLE, RA,

Crohn’s disease, Graves’ disease, and alopecia areata (13).

Evidence from both human and murine studies has shown

diminished IL-2R signaling, decreased pSTAT5 phosphorylation,

and reduced FOXP3 expression in Tregs from autoimmune

individuals (13–15), suggesting multiple mechanisms may

contribute to this signaling defect. Sustained IL-2R signaling,

maintained for at least four hours, is necessary to support Treg

suppressive function (16, 17). One mechanism contributing to early

termination of IL-2R signaling involves decreased expression of the

Gene Related to Anergy in Lymphocytes (GRAIL), an E3 ubiquitin

ligase essential for Treg function (18). Forced expression of GRAIL

can induce a regulatory phenotype in conventional T cells (19), and

GRAIL-deficient mice exhibit impaired tolerance induction and

increased susceptibility to autoimmune disease (20).

In non-obese diabetic (NOD) mice, Tregs exhibit IL-2R

signaling defects (21), which can be partially restored with IL-2

treatment (22). However, IL-2 elicits a significantly lower pSTAT5

response in the Tregs from these mice compared to control mice

(23). Additionally, the Tregs of NOD mice express significantly

lower amounts of GRAIL mRNA and protein compared to controls
Frontiers in Immunology 02
(23), suggesting that reduced GRAIL expression and defective IL-2R

signaling contribute to the development of disease in NOD mice.

Evidence indicates that reduced GRAIL expression disrupts the

inhibition of IL-2R desensitization, thereby impairing Treg

function. This supports the rationale that therapeutic restoration

of Treg activity, rather than numerical enhancement alone, is

necessary for effective treatment of autoimmune diseases. While

interventions such as low-dose IL-2, Treg adoptive transfer, or

combined therapies can transiently increase Treg frequency, they

often fail to achieve durable clinical efficacy. For instance, IL-2/

rapamycin therapy in T1D patients augmented circulating Tregs

but unexpectedly led to impaired b-cell function (24). In another

study, low-dose IL-2 increased both Tregs and CD8+/NK cells

which are implicated in b-cell destruction in T1D (25–27).

Based on these observations, therapeutic efforts should

prioritize the recovery of endogenous Treg function. The

following sections examine how post-translational modifications,

particularly ubiquitination and neddylation, regulate Treg function

via GRAIL and downstream signaling intermediates. In particular,

the interplay between GRAIL and CRLs, and its effect on the JAK-

STAT and mTOR signaling pathways, is explored as a mechanistic

basis for inhibiting IL-2R desensitization and enhancing/restoring

Treg function. This review also discusses how targeting this axis

using small-molecule inhibitors of the neddylation pathway may

offer a strategy to correct dysfunctional IL-2R signaling and restore

endogenous Treg function in autoimmune diseases.

2 Ubiquitination and neddylation

2.1 Ubiquitination: enzyme cascade

Ubiquitination is a post-translational modification that plays a

key role in protein turnover and immune regulation, including the

maintenance of Treg suppressive function. It involves the covalent

attachment of a small 76 amino acid protein Ubiquitin (Ub) to a

target substrate. The type of ubiquitination determines the fate of

the modified protein. Polyubiquitination, attachment of a ubiquitin

chain to a single lysine residue, targets proteins for proteasomal

degradation (28), while mono-ubiquitination, attachment of a

single ubiquitin to a lysine residue, regulates protein localization

and function (29).

Ubiquitin (Ub) is transferred to a target protein through a

highly conserved three-step enzyme cascade: E1 Ubiquitin-

activating enzyme, E2 Ubiquitin-conjugating enzyme, and E3

Ubiquitin ligase enzyme. Energy from ATP is used to fuel the

formation of a thioester bond between E1 and Ub. Ub is then passed

to E2 forming a second thioester bond. E3 ligases facilitate the

transfer of Ub from E2 to the lysine of a target protein forming a

stable isopeptide bond between Ub and the target substrate (30).

There are three main E3 ligases: RING-type, HECT-type, and RBR-

type. RING-type ligases mediate a direct transfer of Ub from E2 to

the substrate. HECT-type ligases have an intermediary step before

transferring Ub to the substrate. RBR-type ligases are a combination

of the previous mechanisms mentioned (28).
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1625419
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Marty et al. 10.3389/fimmu.2025.1625419
Within Tregs, multiple ubiquitination events occur across

critical signaling pathways. For instance, polyubiquitination at

K48 and K63 sites targets intermediates in the JAK–STAT and

mTOR pathways for degradation (30). In contrast, mono-

ubiquitination contributes to IL-2 receptor sensitivity,

intracellular trafficking, and transcriptional stability, all of which

are necessary to maintain Treg suppressive function. At specific

sites such as Lys724, mono-ubiquitination can also sterically block

neddylation, since occupation by Ub prevents additional

modification and creates local structural interference (29).

Many E3 ligases, particularly RING-type, can undergo

autoubiquitination, which serves as a self-regulatory mechanism

to modulate their own stability and activity (31). Some ligases evade

autoubiquitination through structural constraints such as a lack of

lysine residues in substrate-binding domains, which limits

Ub attachment.

Ubiquitination is counteracted by deubiquitinating enzymes

(DUBs), which remove Ub moieties and help preserve protein

stability and signaling fidelity (32). In Tregs, the DUB USP21

deubiquitinates and stabilizes GATA3 and FOXP3, both of which

are central to Treg differentiation and suppressive activity (33, 34).

By maintaining FOXP3 expression, USP21 prevents lineage

destabilization and limits conversion to Th1-like effector cells
Frontiers in Immunology 03
(34). Other DUBs, including USP8, Otub1, and Otub1-ARF1, also

contribute to Treg regulation and will be discussed in later sections.

While DUBs provide a dynamic counterbalance to ubiquitin

ligases, neddylation, another post-translational pathway, specifically

regulates the activity of cullin-RING ligases (CRLs), which are

crucial for controlling IL-2R signaling and Treg function.
2.2 Neddylation: activating cullin-RING
ligases

Neddylation is a ubiquitin-like post-translational modification

that regulates the activity of cullin-RING ligases (CRLs), a family of

E3 ubiquitin ligases involved in immune signaling and protein

turnover. This pathway centers on Neural precursor cell Expressed

Developmentally Down-regulated protein 8 (NEDD8). NEDD8 is

an 81–amino acid ubiquitin-like protein that becomes active once

C-terminal hydrolase exposes Gly76 (35).

Like ubiquitin, NEDD8 is transferred through a three-enzyme

cascade involving E1, E2, and E3 enzymes. The neddylation cascade

starts with NEDD8-Activating Enzyme E1 (NAE), a heterodimer

made up of UBA3/NAEb (catalytic subunit) and APPBP1/NAE1

(regulatory subunit) (36). NAE recognizes NEDD8 and, fueled by
FIGURE 1

Regulation of IL-2R signaling and Treg stability by post-translational modification of CRL5. Upon IL-2 binding to its high-affinity receptor (IL-2Ra/b/g),
JAK1 is activated and phosphorylates STAT5, leading to its dimerization and nuclear translocation to drive FOXP3 transcription and Treg suppressive
function. SOCS3 recruits the CRL5 complex to ubiquitinate phosphorylated JAK1 (pJAK1). Neddylation activates SOCS3-CRL5 interaction, allowing the
termination of IL-2 signaling. GRAIL counteracts this by mono-ubiquitinating CUL5, preventing neddylation, and thereby sustaining IL-2 signaling. GRAIL
also protects DEPTOR from CRL1-mediated degradation, suppressing mTOR activation. Loss of GRAIL or upregulation of the Otub1/ARF1 axis promotes
mTOR activity and destabilizes the Treg phenotype. The competitive interplay between neddylation and GRAIL-mediated mono-ubiquitination controls
cytokine signaling and regulates Tregs phenotype.
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the conversion of ATP to AMP, activates its C-terminal diglycine.

NEDD8 binds to the adenylation site on UBA3 and forms a

temporary thioester bond at the cysteine transthiolation domain.

The linking of NEDD8 to NAE converts the enzyme from an open

conformation to a closed state as NEDD8 binding to cysteine brings

the domains closer. The C-terminal ubiquitin fold domain (UFD)

on UBA3 also plays a role in recruiting the next enzyme in the

cascade. The NEDD8 Conjugating Enzyme E2, either UBE2M or

UBE2F, binds to NAE through its interaction with UFD on UBA3.

Once NAE is double-loaded with NEDD8, a structural change

caused by neddylation allows E2 to temporarily interact with E1.

This interaction brings E2’s cysteine close to E1’s active site,

enabling NEDD8 to be transferred from E1 to E2. After the

transfer, E2-NEDD8 detaches from E1 and begins the third step

in the cascade. The E2–NEDD8 complex then interacts with the

cullin scaffold of CRLs to transfer NEDD8 onto a conserved lysine

residue of the target substrate completing the process.

Neddylation induces a structural rearrangement in CRLs,

enhancing their ubiquitin ligase activity. This modification
Frontiers in Immunology 04
promotes untethering of the RING-box protein (RBX) from the

cullin scaffold, bringing the E2 ubiquitin-conjugating enzyme into

proximity with substrate-bound SOCS adaptors and enabling

efficient ubiquitin transfer. Additionally, neddylation prevents

binding of CAND1, a negative regulator that inhibits inactive

CRLs (36).

The primary targets of neddylation are cullin family proteins,

which include CUL1 through CUL9, each with distinct tissue

distributions and pathway specificities. In Tregs, the relevant

neddylation cascade involves the UBE2F–RBX2 complex and

CUL5, which plays a central role in IL-2 receptor (IL-2R)

desensitization through degradation of pJAK1.

Although over 300 CRL complexes have been described based

on various combinations of cullin and RING proteins (37), not all

are relevant in the immune system or in Treg regulation.

Neddylation in this context specifically modulates CRL5 activity,

which controls cytokine receptor signaling thresholds and CRL1

that activates mTOR, both contribute to the maintenance or

breakdown of immune tolerance.
FIGURE 2

Mass spectrometry and sequencing data shows that GRAIL mono-ubiquitinates CUL5 at Lys724 to inhibit neddylation and suppress CRL5 activity in T
cells. Using an E3 target identification system with a monoclonal antibody that recognizes di-glycine tags on ubiquitinated lysines, this study showed
that Lys724 on CUL5 was a direct mono-ubiquitination target of GRAIL. This site is normally required for NEDD8 conjugation. By mono-
ubiquitinating this exact lysine, GRAIL prevents neddylation and locks the CRL5 complex in an inactive conformation.
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3 Post-translational regulation of Treg
function

Treg function and immune system balance are tightly

controlled by post-translational modifications that fine-tune key

signaling pathways. In Tregs, ubiquitination and neddylation serve

as cruc ia l modulators of IL-2 s ignal ing and mTOR

pathway regulation.

Ubiquitination by E3 ligases marks proteins for proteasomal

degradation and can also regulate signaling intermediates through

mono-ubiquitination, which affects protein localization, stability,

and function (18). This form of regulation is particularly important

in Tregs, where precise control of IL-2 receptor (IL-2R) signaling is

essential to maintain immune tolerance and prevent the

development of autoimmunity.

Cullin-RING ligases (CRLs), a large family of E3 ubiquitin

ligases, are involved in multiple immune regulatory processes. A key

member of this family, CRL5, is activated by neddylation, a post-

translational modification involving conjugation of the ubiquitin-

like protein NEDD8 to a conserved lysine residue (Lys724) on the

scaffold protein cullin-5 (CUL5). This modification induces a

conformational change that enables E2 enzyme–mediated

ubiquitination and subsequent degradation of IL-2R signaling

intermediates such as pJAK1 (36).

Prolonged IL-2R signaling is required to stabilize the Treg

phenotype and support FOXP3-dependent suppressive function.

This process is negatively regulated by CRL5-mediated degradation

of pJAK1. To counteract this, GRAIL functions as a regulatory E3

ligase that blocks IL-2R desensitization. GRAIL mono-ubiquitinates

Lys724 on CUL5, directly competing with NEDD8 and thereby

preventing CRL5 activation. By doing so, GRAIL preserves IL-2R

signaling, prolongs pSTAT5 phosphorylation, and sustains the

transcription of genes necessary for Treg suppressive activity.

Due to structural similarities between CUL1 and CUL5, it is

likely that GRAIL also modulates mTOR signaling by

ubiquitinating Lys720 on CUL1, thereby protecting DEPTOR, an

endogenous mTOR inhibitor, from CRL1-mediated degradation.

This dual mechanism prevents hyperactivation of mTORC1 to

maintain the quiescent metabolic profile characteristic of

functional Tregs. It is hypothesized that in the absence of GRAIL,

both pJAK1 and DEPTOR are degraded, disrupting IL-2R signaling

that contributes to Treg dysfunction and subsequent autoimmunity.

When GRAIL expression is diminished, neddylation proceeds

unchecked, leading to CRL5-mediated degradation of IL-2R second

messengers and CRL1 degradation of DEPTOR. This results in

shortened IL-2R signaling, decreased pSTAT5 activation, increased

activity of mTORC1, and ultimately, diminished Treg suppressive

function. These changes contribute to immune dysregulation and

increased susceptibility to autoimmunity.
4 IL-2 receptor signaling pathway

The interleukin-2 receptor (IL-2R) is a heterotrimeric cell

surface receptor composed of three subunits: IL-2Ra (CD25), IL-
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2Rb (CD122), and IL-2Rg (CD132) (38). IL-2 is critical for the

survival, proliferation, and suppressive function of Tregs. Although

Tregs are incapable of producing IL-2 due to FOXP3-mediated

transcriptional repression of the IL-2 gene (39), they express CD25

(a subunit), which forms the high-affinity IL-2R complex. This

allows Tregs to efficiently respond to IL-2 produced by neighboring

activated T cells in the local microenvironment.

Due to their constitutive expression of the high-affinity IL-2R,

Tregs can respond to subnanomolar concentrations of IL-2.

However, under subnanomolar concentrations effector T cells

(Teffs) which transiently express IL-2Ra upon activation, remain

unresponsive as they do not permanently express IL-2Ra.
Upon IL-2 binding, the receptor complex undergoes a

conformational change that facilitates activation of the Janus

kinases JAK1 and JAK3, leading to the phosphorylation of signal

transducer and activator of transcription 5 (STAT5) (40) (Figure 1).

Activated STAT5 (pSTAT5) dimerizes and translocates to the

nucleus to drive transcription of key genes involved in Treg

identity and function, including FOXP3, IL2RA, and CTLA4 (41).

Importantly, IL-2R signaling must be sustained for several hours to

maintain adequate transcriptional output and ensure Treg

suppressive function (16, 17).

In addition to activating the JAK–STAT pathway, IL-2 also

stimulates the PI3K–Akt–mTOR signaling axis, which has different

effects depending on T cell subtype (42). In Teffs, IL-2-induced

mTORC1 activation enhances glycolytic metabolism and

proliferation, thereby promoting effector responses (43). In

contrast, excessive mTORC1 activation in Tregs destabilizes their

phenotype and impairs suppressive capacity, promoting a shift

toward a Teff-like state (43, 44). Therefore, tight regulation of

mTOR signaling is critical for maintenance of Treg function.

This regulatory balance is achieved in part through the actions

of GRAIL, which modulates both IL-2R and mTOR signaling.

GRAIL antagonizes the CRL5 complex by mono-ubiquitinating

Lys724 on CUL5, preventing its neddylation and subsequent

activation (Figure 2). This inhibits degradation of pJAK1 and

enables prolonged STAT5 activation, thereby supporting the

transcriptional program required for Treg suppressive

function (45).
5 CRL5-mediated cytokine
desensitization via SOCS3 in Tregs

Suppressors of cytokine signaling (SOCS) proteins function as

feedback inhibitors of inflammatory cytokine signaling making

them integral to the regulation of immune homeostasis. There are

eight SOCS proteins from SOCS1–7 and CIS (46). The basic

structure of all SOCS is a C-terminal SOCS box domain that

participates in the CRL5 E3 ubiquitin ligase complex and a

central Src-homology 2 (SH2) domain which through

phosphorylated receptors bind target substrates. Each SOCS is

unique at the N-terminal domain. Among the eight SOCS family

members, SOCS1 and SOCS3 are unique in containing a kinase

inhibitory region (KIR) that enables direct inhibition of JAK kinases
frontiersin.org
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(47). In Tregs, SOCS3 acts as a substrate adaptor for the CRL5 E3

ubiquitin ligase complex by binding to phosphorylated JAK1

(pJAK1) through its SH2 domain and tethering it to CRL5 via its

SOCS box.

Overexpression of SOCS3 has been shown to accelerate IL-2R

desensitization in Tregs, thereby limiting STAT5 activation and

impairing suppressive function (23). CRL5-mediated degradation

of pJAK1 is activated by neddylation of Lys724 on CUL5, which

induces a conformational change that brings the E2 enzyme into

close proximity with the substrate–SOCS3 complex (18). This

approximately 50 Å structural shift facilitates efficient ubiquitin

transfer and promotes pJAK1 degradation (18).

In the absence of neddylation, the CRL5 complex remains in an

inactive state, as E2 remains spatially separated from the bound

substrate. Neddylation thus acts as a molecular hinge, reconfiguring

the architecture of the CRL5 complex to permit substrate

modification. The modification involves RBX1, a small protein

held at the C-terminal end of CUL5 that controls the E2

ubiquitin transferase, to move it into proximity of SOCS3 to

allow ubiquitin transfer to the pJAK1 protein bound by SOCS3

(48) (Figure 3).

Degradation of pJAK1 prematurely terminates IL-2 signaling,

reducing downstream pSTAT5 activity and diminishing FOXP3

expression. Both of which are essential for maintaining Treg

activity. Simultaneously, CRL1-mediated degradation of

DEPTOR, an inhibitor of mTORC1, leads to enhanced mTOR

signaling, further destabilizing the Treg phenotype. When overly

active, mTORC1 can impair Treg suppressive function. mTOR

signaling pathway and its relation to Treg function is further

explained in the next section.

While CRL5-mediated degradation of pJAK1 is the primary

mechanism of IL-2R desensitization, an alternative pathway of

desensitization involves NOTCH signaling. In this mechanism,

ASB2 (a SOCS family member) and SKP2 (an F-box protein)

bridge CUL5 and CUL1 into the same complex that targets JAK3

for degradation (49). This suggests that IL-2 signaling in Tregs can
Frontiers in Immunology 06
be terminated not only through SOCS3–CRL5–mediated pJAK1

degradation, but also via NOTCH-driven ubiquitination of JAK3

through a CUL1/5 based complex.

Together, these pathways illustrate how neddylation of CRLs

governs the intensity of IL-2R signaling in Tregs, and how

dysregulation of these mechanisms may contribute to

autoimmunity by disrupting pSTAT5 signaling and Treg

suppressive function.
6 mTOR signaling pathways in Treg
metabolic regulation

The mechanistic target of rapamycin (mTOR) is a serine/

threonine kinase that regulates cell growth and metabolism.

mTOR exists in two distinct complexes: mTOR complex 1

(mTORC1) and mTOR complex 2 (mTORC2).

While mTOR signaling is necessary for Treg development and

function, excessive mTORC1 activation compromises Treg stability

and suppressive capacity. mTORC1 promotes glycolysis and

anabolic metabolism, supporting proliferation in effector T cells

(Teffs) (43). In contrast, Tregs exhibit a more quiescent metabolic

profile, relying on oxidative phosphorylation and lipid metabolism

to maintain their suppressive phenotype (50). This distinction

underscores the importance of limiting mTORC1 activity in Tregs

to prevent phenotypic reprogramming toward a Teff-like state.

mTORC2 regulates Akt signaling and contributes to Treg

survival and migration, though its role is context-dependent and

less well defined (51). While moderate mTORC2 activity supports

Treg function, hyperactivation may still impair their suppressive

phenotype, acting as a metabolic rheostat that must be

carefully balanced.

Tregs inherently express lower levels of mTOR activity

compared to Teffs. This is maintained by FOXP3-dependent

transcriptional programs, including upregulation of Pim-2, a

growth kinase that functions independently of mTOR.
FIGURE 3

Conformational states of the CRL5 E3 ligase complex modulated by post-translational modification of CUL5 at Lys724. In the unmodified state (left),
the complex remains in a closed conformation, preventing effective ubiquitin transfer. Upon neddylation at Lys724 (middle), the CUL5 complex
undergoes a ~50 Å shift into an open conformation. Mono-ubiquitination of Lys724 (right), mediated by GRAIL, competes with neddylation and
transforms the complex into a closed conformation, inhibiting CRL5 activity and maintaining IL-2R signaling.
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Additionally, Tregs also upregulate PTEN which inhibits the PI3K/

AKT pathway and further suppresses mTOR activity.

mTOR activity also feeds back to regulate post-translational

pathways critical to Treg function. For example, mTOR activation

promotes expression of Otubain-1 (Otub1), a deubiquitinase (DUB)

that destabilizes GRAIL by deubiquitinating GRAIL (52, 53).

Deubiquitination of GRAIL blocks the binding of USP8 to

GRAIL. USP8 is the DUB responsible for removing ubiquitin

from GRAIL (54). A catalytically inactive version of Otub1,

Otub1-ARF1, expressed in Tregs can bind GRAIL and block

Otub1 binding, thus al lowing USP8 to function as a

deubiquitinase to preserve GRAIL expression (52). This Otub1–

USP8–GRAIL axis provides a mechanism by which increased

mTOR activity further impairs IL-2 signaling by enhancing

GRAIL degradation.

GRAIL also inhibits CRL1-mediated degradation of DEPTOR,

an mTORC1 inhibitor, thereby enforcing Treg metabolic

quiescence. In GRAIL-deficient states, DEPTOR is degraded,

leading to mTORC1 activation, metabolic reprogramming

towards a glycolysis-dependent phenotype, and loss of

suppressive function. This initiates a positive feedback loop,

where mTOR activation upregulates Otub1, further degrading

GRAIL and amplifying Treg instability (53).
7 Targeting the neddylation pathway
for autoimmune disease

Autoimmune diseases result from a breakdown in self-

tolerance, allowing the immune system to attack tissues in the

body. Tregs play a central role in preventing this, thus a defect in

Treg function can lead to the development of autoimmunity. Proper

Treg function requires prolonged IL-2 signaling for the

transcription of genes that activate the suppressive function of

Tregs. In the case of deficient GRAIL expression, CUL5

neddylation results in premature IL-2R desensitization.
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Inadequate GRAIL levels lead to the ubiquitination and

proteasomal degradation of IL-2R second messengers (pJAK1,

pSTAT5) and the termination of IL-2R signaling.

We hypothesize that loss of GRAIL and DEPTOR, coupled with

increased Otub1 expression (that allow GRAIL degradation) in

Tregs, may contribute to the pathology of multiple autoimmune

diseases. In particular, we propose that reduced GRAIL expression

leads to enhanced degradation of pJAK1 and DEPTOR, thereby

disrupting IL-2R and mTOR signaling in Tregs. Premature IL-2R

desensitization and excessive mTOR activation contribute to an

unstable Treg phenotype which can play a role in the development

of autoimmune disease. While low dose IL-2 therapy, to expand

Tregs, has emerged as a potential treatment for multiple

autoimmune diseases, a significant long-lasting therapeutic effect

has not been observed, as this treatment does not correct the

underlying signaling defect in Tregs (7, 18).

Due to the demonstrable possibility of delivering small molecules

to the IL−2R via protein drug conjugates (55, 56), we developed both

an IL−2 fusion protein and, more recently, an anti−CD25 antibody

drug conjugate to deliver the NAEi to Tregs via their constitutively

expressed high−affinity receptor for IL−2.

Our lab has explored the use of neddylation inhibitors (NAEi)

such as MLN4924 (aka TK924), in combination with low-dose IL-2,

as a potential therapy for correcting the functional Treg defect.

NAEi mimic GRAIL function, by covalently binding NEDD8, thus

preventing the neddylation of CUL5 and likely CUL1 (57). This

allows for the inhibition of IL-2R desensitization, even when GRAIL

levels are low. As such, we have shown that IL-2 stimulated pSTAT5

activity is enhanced in both mouse and human Tregs when treated

with NAEi (Figure 4), and that combination therapy with IL-2 and

NAEi can reduce disease severity and arrest disease progression in

animal models of autoimmunity (58).

While NAEi were found to have a therapeutic effect in clinical

trials for cancer therapy, systemic treatment required high doses

that were associated with significant toxicity due to off-target effects.

Even at low concentrations, NAEi can impact CRL activity in
FIGURE 4

pSTAT5 expression in mouse and human Tregs was measured by FACS analysis. Combination treatment with low dose IL-2 (1 ng/ml) and NAEi
(MLN4924, 1uM) enhanced IL-2 stimulated pSTAT5 expression in CD4+CD25+ Tregs of NOD (model of T1D) and C57/BL6 (auto-immune-prone)
mice after 30 mins of treatment (A). Combination treatment for 15–60 mins also enhanced pSTAT5 expression in Tregs of NZBWF1 [model of SLE;
(B)] compared to treatment with IL-2 alone. In Tregs from healthy human controls and SLE patients studies in in vitro regulation analysis, treatment
with a combination of low-dose IL-2 (1ng/ml) and NAEi (MLN4924; 1 uM) for 60 mins increased pSTAT5 expression compared to treatment with low
dose-IL-2 treatment alone (C) (**P<0.005, ***P<0.001, ****P<0.0001, Student’s unpaired t-test).
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various types of cells (36). This prompted us to develop protein

drug conjugates (PDCs), and more recently antibody drug

conjugates (ADC) that target the IL-2R to avoid non-specific

toxic side-effects. Using the PDC strategy, the neddylation

inhibitor is linked to an IL-2 fusion protein via a cleavable linker,

enabling selective delivery of the NAEi to IL-2R–expressing Tregs.

Upon receptor engagement and internalization, the drug is released

through receptor-mediated endocytosis and cathepsin cleavage of

the NAEi to exert its effect (18). In the ADC approach, the NAEi is

conjugated to an anti-CD25 antibody that targets the high affinity

IL-2R on Tregs. After binding and endocytosis, the drug is released

in the lysosome, where it becomes active within the Treg. Both

methods target the NAEi to Tregs by binding to the constitutively

expressed high affinity IL-2R. This allows significantly lower

amounts of drug to be used and erases the systemic toxicity of

off-target effects.

The mouse PDC, developed, in collaboration with IL-2Rx,

consists of a mouse thioredoxin-mouse IL-2 fusion protein

conjugated to 3 molecules of MLN4924. This PDC was shown to

be both safe and efficacious in delaying disease progression or

reducing disease severity across multiple animal models of

autoimmune and inflammatory diseases including SLE, T1D, MS,

and asthma (18). Treatment with the PDC was effective in delaying

the onset of hyperglycemia in the NOD mouse model of T1D

(Figure 5A). However, maintenance therapy of the PDC,

administered every 2 weeks or every month, was unable to

prevent disease development (Figure 5B). Testing of serum

collected from the PDC-treated mice showed that this was likely

due to the development of anti-drug antibodies, likely against a

novel epitope in the fusion protein (Figure 5C) as the PDC

developed in our lab formed aggregates that may have been

antigenic. These results led us to begin developing an ADC to

allow targeting of the NAEi to Tregs using anti-CD25 antibodies.
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This strategy aims to enhance efficacy while minimizing systemic

toxicity associated with untargeted NAEi delivery.

While not ideal for studies in vivo, the PDCs were still useful for

studies of Treg function in vitro. Using a human PDC consisting of

a human thioredoxin-human IL-2 fusion protein conjugated to 3

molecules of MLN4924, we were able to show that treatment with

PDC could restore the suppressive function of T1D patient Tregs

that normally exhibit significantly reduced suppressive function

compared to Tregs of healthy controls (Figure 6).

Similar to PDCs, the ADCs should target Tregs to enhance

efficacy and minimize systemic toxicity. The mouse ADC being

developed in our lab consists of an anti-mouse CD25 monoclonal

antibody conjugated to one or more molecules of MLN4924. CD25

is the third chain (high affinity chain) of the IL-2 receptor that is

highly expressed on the surface of Tregs but not Teffs, making it an

attractive target for selective delivery into Tregs without

significantly affecting Teff cells (59). Once bound to CD25, the

ADC will be internalized via receptor-mediated endocytosis, where

it undergoes proteolytic cleavage in the lysosome to release the

NAEi (Figure 7). Studies have shown internalization of a CD25-

targeted ADC by time-dependent loss of surface-bound ADC and

reduced membrane-associated fluorescence (60). This provides a

strong proof-of-concept that ADCs can be used to target Tregs and

regulate the immune microenvironment.

Our studies demonstrate that Treg activity is maintained by the

balance of neddylation and ubiquitination at the Lys724 site of

CUL5 in CRL5 and Lys720 in CUL1. Changes in GRAIL expression,

such as diminished GRAIL expression seen in the Tregs of

autoimmune patients, favor the neddylation of Lys724 of CUL5

and Lys720 of CUL1, and result in the degradation of IL-2R second

messenger proteins and diminished Treg function. We have shown

that NAEi can compensate for the loss of GRAIL by blocking

neddylation at Lys724. Furthermore, we have shown that NAEi can
FIGURE 5

Non-obese diabetic mice treated with 5 daily doses of PDC had a significant 8 week delay in the onset of hyperglycemia compared to mice treated
similarly with PBS or IL-2 (A). Treatment with additional maintenance doses of PDC once every 2 weeks (bi-weekly) or every month delayed the
onset of hyperglycemia for another 4 weeks (B). The PDC was not able to fully prevent disease onset, likely due to the development of anti-drug
antibodies that were detected in the serum of PDC-treated mice (C).
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be made into PDCs or ADCs by conjugating the NAEi to IL-2

fusion proteins or anti-CD25 monoclonal antibodies, respectively.

This allows direct delivery of the NAEi to Tregs. We believe that

NAEi, used alone or in combination with IL-2, as PDCs or ADCs,

could serve as potential “off the shelf” drugs for correcting the

signaling defect seen in the Tregs of autoimmune patients, and

should induce a longer lasting therapeutic effect than that elicited by

the expansion or adoptive transfer of Tregs.
8 Discussion

Treg dysfunction in autoimmune disease is increasingly

recognized as a consequence of signaling defects rather than

simple loss of Treg numbers. One such defect involves the

dysregulation of post-translational modification of CRL5, which

alters the balance between neddylation and ubiquitination within

the IL-2R signaling pathway.

In Tregs from autoimmune patients, reduced expression of

GRAIL allows neddylation of CUL5 to proceed, activating CRL5

and promoting degradation of pJAK1. This results in premature
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desensitization of the IL-2R, attenuated pSTAT5 activity, and

impa i red t ransc r ip t ion o f genes requ i red for Treg

suppressive function.

GRAIL and CRL5 act as antagonistic forces at the same lysine

residue on CUL5 (Lys724). GRAIL mono-ubiquitinates this site,

preventing neddylation and thereby inhibiting CRL5-mediated

termination of IL-2R signaling. This competition forms a

regulatory checkpoint that is critical for maintaining immune

tolerance. Diminished GRAIL function disrupts this checkpoint,

contributing to Treg instability and autoimmunity.

Strategies that mimic GRAIL’s function of inhibiting

neddylation have shown promise in restoring Treg suppressive

activity. Neddylation-activating enzyme inhibitors (NAEi) prevent

NEDD8 conjugation to both CUL5 and CUL1, maintaining

pSTAT5 signaling and blocking DEPTOR degradation thus

preserving Treg function, even in the context of GRAIL

deficiency. However, systemic administration of NAEi has been

limited by toxic off-target effects, necessitating more selective

delivery strategies. Targeted approaches using protein or antibody

drug conjugates offer a promising solution by directing NAEi

specifically to Tregs via the high-affinity IL-2R (CD25) expressed
FIGURE 6

Treg suppression assays were performed using Teff cells labelled with the proliferation dye Cell Tracer Violet (CTV) and activated with anti-CD3/28
Dynabeads at ratio of 1:32 (beads:Teffs) for 5 days. As Teff cells proliferate, the CTV intensity decreases. In the absence of Tregs, 99% of Teffs from
both healthy control and T1D patients were found to proliferate (left panel). When co-cultured with Tregs expanded in vitro (at a ratio of 1 Treg:10
Teffs), 71% suppression of proliferation was found to occur in a representative healthy control. Addition of PDC did not significantly change the
suppressive effect of Tregs from healthy individuals (A). The expanded Tregs of a representative T1D patient showed 60% suppressive activity when
co-cultured with Teffs (1:10). In the presence of PDC, the suppressive capability of T1D Tregs were boosted to levels even higher than the healthy
controls (B). Percent of suppression was calculated by 100-[DI(Treg+Teff)/DI (Teff only)]x100. DI (Division Index) was generated by Flowjo.
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constitutively by Tregs. This allows for lower dosing, reduced off

target exposure, and selective restoration of IL-2R signaling in

dysfunctional Tregs.

Collectively, these findings support a model in which Treg

activity is governed by the dynamic interplay between

neddylation and ubiquitination at a single molecular site and

suggests that modulating this axis may restore immune tolerance

without broad immunosuppression. Restoring post-translational

regulation of IL-2R signaling could represent a transformative

strategy for treating a wide range of autoimmune diseases by

targeting core signaling defects controlling Treg function.
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FIGURE 7

Proposed ADC to deliver NAEi to Tregs. NAEi will be conjugated to
an anti-CD25 monoclonal antibody to allow targeting of the ADC to
Tregs. Once the ADC binds to IL-2R, it will be internalized and
shuttled to the endosome, where the drug is cleaved off the
antibody by cathepsin B localized in the late endosomes.
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1625419
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Marty et al. 10.3389/fimmu.2025.1625419
References
1. Valencia X, Yarboro C, Illei G, Lipsky PE. Deficient CD4+CD25high T regulatory
cell function in patients with active systemic lupus erythematosus. J Immunol. (2007)
178:2579–88. doi: 10.4049/jimmunol.178.4.2579

2. Brusko T, Wasserfall C, McGrail K, Schatz R, Viener HL, Schatz D, et al. No
alterations in the frequency of FOXP3+ regulatory T-cells in type 1 diabetes. Diabetes.
(2007) 56:604–12. doi: 10.2337/db06-1248

3. Brusko TM, Wasserfall CH, Clare-Salzler MJ, Schatz DA, Atkinson MA.
Functional defects and the influence of age on the frequency of CD4+ CD25+ T-
cel ls in type 1 diabetes . Diabetes . (2005) 54:1407–14. doi : 10.2337/
diabetes.54.5.1407

4. Yan S, Kotschenreuther K, Deng S, Kofler DM. Regulatory T cells in rheumatoid
arthritis: functions, development, regulation, and therapeutic potential. Cell Mol Life
Sci. (2022) 79:533. doi: 10.1007/s00018-022-04563-0

5. Cook L, Munier CML, Seddiki N, van Bockel D, Ontiveros N, Hardy MY, et al.
Circulating gluten-specific FOXP3(+)CD39(+) regulatory T cells have impaired
suppressive function in patients with celiac disease. J Allergy Clin Immunol. (2017)
140:1592–603 e8. doi: 10.1016/j.jaci.2017.02.015

6. Kustrimovic N, Gallo D, Piantanida E, Bartalena L, Lai A, Zerbinati N, et al.
Regulatory T cells in the pathogenesis of Graves’ Disease. Int J Mol Sci. (2023) 24.
doi: 10.3390/ijms242216432

7. Grasshoff H, Comduhr S, Monne LR, Muller A, Lamprecht P, Riemekasten G,
et al. Low-dose IL-2 therapy in autoimmune and rheumatic diseases. Front Immunol.
(2021) 12:648408. doi: 10.3389/fimmu.2021.648408

8. Kosmaczewska A. Low-dose interleukin-2 therapy: a driver of an imbalance
between immune tolerance and autoimmunity. Int J Mol Sci. (2014) 15:18574–92.
doi: 10.3390/ijms151018574

9. Miao M, Hao Z, Guo Y, Zhang X, Zhang S, Luo J, et al. Short-term and low-dose
IL-2 therapy restores the Th17/Treg balance in the peripheral blood of patients with
primary Sjogren’s syndrome. Ann Rheum Dis. (2018) 77:1838–40. doi: 10.1136/
annrheumdis-2018-213036

10. Haas J, Hug A, Viehover A, Fritzsching B, Falk CS, Filser A, et al. Reduced
suppressive effect of CD4+CD25high regulatory T cells on the T cell immune response
against myelin oligodendrocyte glycoprotein in patients with multiple sclerosis. Eur J
Immunol. (2005) 35:3343–52. doi: 10.1002/eji.200526065

11. Chapman NM, Zeng H, Nguyen TM, Wang Y, Vogel P, Dhungana Y, et al.
mTOR coordinates transcriptional programs and mitochondrial metabolism of
activated T(reg) subsets to protect tissue homeostasis. Nat Commun. (2018) 9:2095.
doi: 10.1038/s41467-018-04392-5

12. Chinen T, Kannan AK, Levine AG, Fan X, Klein U, Zheng Y, et al. An essential
role for the IL-2 receptor in T(reg) cell function. Nat Immunol. (2016) 17:1322–33.
doi: 10.1038/ni.3540

13. Cerosaletti K, Schneider A, Schwedhelm K, Frank I, Tatum M, Wei S, et al.
Multiple autoimmune-associated variants confer decreased IL-2R signaling in CD4+
CD25(hi) T cells of type 1 diabetic and multiple sclerosis patients. PLoS One. (2013) 8:
e83811. doi: 10.1371/journal.pone.0083811

14. Long SA, Cerosaletti K, Bollyky PL, Tatum M, Shilling H, Zhang S, et al. Defects
in IL-2R signaling contribute to diminished maintenance of FOXP3 expression in CD4
(+)CD25(+) regulatory T-cells of type 1 diabetic subjects. Diabetes. (2010) 59:407–15.
doi: 10.2337/db09-0694

15. Yang JH, Cutler AJ, Ferreira RC, Reading JL, Cooper NJ, Wallace C, et al. Natural
variation in interleukin-2 sensitivity influences regulatory T-cell frequency and
function in individuals with long-standing type 1 diabetes. Diabetes. (2015) 64:3891–
902. doi: 10.2337/db15-0516

16. Bell CJ, Sun Y, Nowak UM, Clark J, Howlett S, Pekalski ML, et al. Sustained in
vivo signaling by long-lived IL-2 induces prolonged increases of regulatory T cells. J
Autoimmun. (2015) 56:66–80. doi: 10.1016/j.jaut.2014.10.002

17. Zorn E, Nelson EA, Mohseni M, Porcheray F, Kim H, Litsa D, et al. IL-2
regulates FOXP3 expression in human CD4+CD25+ regulatory T cells through a
STAT-dependent mechanism and induces the expansion of these cells in vivo. Blood.
(2006) 108:1571–9. doi: 10.1182/blood-2006-02-004747

18. Fathman CG, Yip L, Gomez-Martin D, Yu M, Seroogy CM, Hurt CR, et al. How
GRAIL controls Treg function to maintain self-tolerance. Front Immunol. (2022)
13:1046631. doi: 10.3389/fimmu.2022.1046631

19. MacKenzie DA, Schartner J, Lin J, Timmel A, Jennens-Clough M, Fathman CG,
et al. GRAIL is up-regulated in CD4+ CD25+ T regulatory cells and is sufficient for
conversion of T cells to a regulatory phenotype. J Biol Chem. (2007) 282:9696–702.
doi: 10.1074/jbc.M604192200

20. Nurieva RI, Zheng S, Jin W, Chung Y, Zhang Y, Martinez GJ, et al. The E3
ubiquitin ligase GRAIL regulates T cell tolerance and regulatory T cell function by
mediating T cell receptor-CD3 degradation. Immunity. (2010) 32:670–80. doi: 10.1016/
j.immuni.2010.05.002

21. Dendrou CA, Wicker LS. The IL-2/CD25 pathway determines susceptibility to
T1D in humans and NOD mice. J Clin Immunol. (2008) 28:685–96. doi: 10.1007/
s10875-008-9237-9
Frontiers in Immunology 11
22. Tang Q, Adams JY, Penaranda C, Melli K, Piaggio E, Sgouroudis E, et al. Central
role of defective interleukin-2 production in the triggering of islet autoimmune
destruction. Immunity. (2008) 28:687–97. doi: 10.1016/j.immuni.2008.03.016

23. Godoy GJ, Olivera C, Paira DA, Salazar FC, Ana Y, Stempin CC, et al. T
regulatory cells from non-obese diabetic mice show low responsiveness to IL-2
stimulation and exhibit differential expression of anergy-related and ubiquitination
factors. Front Immunol. (2019) 10:2665. doi: 10.3389/fimmu.2019.02665

24. Long SA, Rieck M, Sanda S, Bollyky JB, Samuels PL, Goland R, et al. Rapamycin/
IL-2 combination therapy in patients with type 1 diabetes augments Tregs yet
transiently impairs beta-cell function. Diabetes. (2012) 61:2340–8. doi: 10.2337/db12-
0049

25. Dong S, Hiam-Galvez KJ, Mowery CT, Herold KC, Gitelman SE, Esensten JH,
et al. The effect of low-dose IL-2 and Treg adoptive cell therapy in patients with type 1
diabetes. JCI Insight. (2021) 6. doi: 10.1172/jci.insight.147474

26. Bottazzo GF, Bonifacio E, Wagner R, al-Sakkaf L, Dean BM, Mirakian R. On the
pathogenesis of type 1 (insulin-dependent) diabetes mellitus: facts, areas still under
development and new perspectives. Klin Wochenschr. (1990) 68 Suppl 21:26–37.

27. Marca V, Gianchecchi E, Fierabracci A. Type 1 diabetes and its multi-factorial
pathogenesis: the putative role of NK cells. Int J Mol Sci. (2018) 19. doi: 10.3390/ijms19030794

28. De Silva ARI, Page RC. Ubiquitination detection techniques. Exp Biol Med
(Maywood). (2023) 248:1333–46. doi: 10.1177/15353702231191186

29. Sadowski M, Suryadinata R, Tan AR, Roesley SN, Sarcevic B. Protein
monoubiquitination and polyubiquitination generate structural diversity to control
distinct biological processes. IUBMB Life. (2012) 64:136–42. doi: 10.1002/iub.589

30. Damgaard RB. The ubiquitin system: from cell signalling to disease biology and
new therapeutic opportunities. Cell Death Differ. (2021) 28:423–6. doi: 10.1038/s41418-
020-00703-w

31. Sandmann A, Dissmeyer N. In vitro autoubiquitination activity of E3 ubiquitin
ligases of the N-degron pathway. Methods Enzymol. (2023) 686:205–20. doi: 10.1016/
bs.mie.2023.02.014

32. Dagar G, Kumar R, Yadav KK, Singh M, Pandita TK. Ubiquitination and
deubiquitination: Implications on cancer therapy. Biochim Biophys Acta Gene Regul
Mech. (2023) 1866:194979. doi: 10.1016/j.bbagrm.2023.194979

33. An T, Lu Y, Yan X, Hou J. Insights into the properties, biological functions, and
regulation of USP21. Front Pharmacol . (2022) 13:944089. doi: 10.3389/
fphar.2022.944089

34. Zhang J, Chen C, Hou X, Gao Y, Lin F, Yang J, et al. Identification of the E3
deubiquitinase ubiquitin-specific peptidase 21 (USP21) as a positive regulator of the
transcription factor GATA3. J Biol Chem. (2013) 288:9373–82. doi: 10.1074/
jbc.M112.374744

35. Gong L, Yeh ET. Identification of the activating and conjugating enzymes of the
NEDD8 conjugation pathway. J Biol Chem. (1999) 274:12036–42. doi: 10.1074/
jbc.274.17.12036

36. Zhang S, Yu Q, Li Z, Zhao Y, Sun Y. Protein neddylation and its role in health and
diseases. Signal Transduct Target Ther. (2024) 9:85. doi: 10.1038/s41392-024-01800-9

37. 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

38. Hernandez R, Poder J, LaPorte KM, Malek TR. Engineering IL-2 for
immunotherapy of autoimmunity and cancer. Nat Rev Immunol. (2022) 22:614–28.
doi: 10.1038/s41577-022-00680-w

39. Su L, Creusot RJ, Gallo EM, Chan SM, Utz PJ, Fathman CG, et al. Murine CD4
+CD25+ regulatory T cells fail to undergo chromatin remodeling across the proximal
promoter region of the IL-2 gene. J Immunol. (2004) 173:4994–5001. doi: 10.4049/
jimmunol.173.8.4994

40. Hu X, Li J, Fu M, Zhao X, Wang W. The JAK/STAT signaling pathway: from
bench to clinic. Signal Transduct Target Ther. (2021) 6:402. doi: 10.1038/s41392-021-
00791-1

41. Passerini L, Allan SE, Battaglia M, Di Nunzio S, Alstad AN, Levings MK, et al.
STAT5-signaling cytokines regulate the expression of FOXP3 in CD4+CD25+
regulatory T cells and CD4+CD25- effector T cells. Int Immunol. (2008) 20:421–31.
doi: 10.1093/intimm/dxn002

42. Glaviano A, Foo ASC, Lam HY, Yap KCH, Jacot W, Jones RH, et al. PI3K/AKT/
mTOR signaling transduction pathway and targeted therapies in cancer. Mol Cancer.
(2023) 22:138. doi: 10.1186/s12943-023-01827-6

43. Jones RG, Pearce EJ. MenTORing immunity: mTOR signaling in the
development and function of tissue-resident immune cells. Immunity. (2017)
46:730–42. doi: 10.1186/s12943-023-01827-6

44. Chi H. Regulation and function of mTOR signalling in T cell fate decisions. Nat
Rev Immunol. (2012) 12:325–38. doi: 10.1038/nri3198

45. Adachi Y, Terakura S, Osaki M, Okuno Y, Sato Y, Sagou K, et al. Cullin-5
deficiency promotes chimeric antigen receptor T cell effector functions potentially via
the modulation of JAK/STAT signaling pathway. Nat Commun. (2024) 15:10376.
doi: 10.1038/s41467-024-54794-x
frontiersin.org

https://doi.org/10.4049/jimmunol.178.4.2579
https://doi.org/10.2337/db06-1248
https://doi.org/10.2337/diabetes.54.5.1407
https://doi.org/10.2337/diabetes.54.5.1407
https://doi.org/10.1007/s00018-022-04563-0
https://doi.org/10.1016/j.jaci.2017.02.015
https://doi.org/10.3390/ijms242216432
https://doi.org/10.3389/fimmu.2021.648408
https://doi.org/10.3390/ijms151018574
https://doi.org/10.1136/annrheumdis-2018-213036
https://doi.org/10.1136/annrheumdis-2018-213036
https://doi.org/10.1002/eji.200526065
https://doi.org/10.1038/s41467-018-04392-5
https://doi.org/10.1038/ni.3540
https://doi.org/10.1371/journal.pone.0083811
https://doi.org/10.2337/db09-0694
https://doi.org/10.2337/db15-0516
https://doi.org/10.1016/j.jaut.2014.10.002
https://doi.org/10.1182/blood-2006-02-004747
https://doi.org/10.3389/fimmu.2022.1046631
https://doi.org/10.1074/jbc.M604192200
https://doi.org/10.1016/j.immuni.2010.05.002
https://doi.org/10.1016/j.immuni.2010.05.002
https://doi.org/10.1007/s10875-008-9237-9
https://doi.org/10.1007/s10875-008-9237-9
https://doi.org/10.1016/j.immuni.2008.03.016
https://doi.org/10.3389/fimmu.2019.02665
https://doi.org/10.2337/db12-0049
https://doi.org/10.2337/db12-0049
https://doi.org/10.1172/jci.insight.147474
https://doi.org/10.3390/ijms19030794
https://doi.org/10.1177/15353702231191186
https://doi.org/10.1002/iub.589
https://doi.org/10.1038/s41418-020-00703-w
https://doi.org/10.1038/s41418-020-00703-w
https://doi.org/10.1016/bs.mie.2023.02.014
https://doi.org/10.1016/bs.mie.2023.02.014
https://doi.org/10.1016/j.bbagrm.2023.194979
https://doi.org/10.3389/fphar.2022.944089
https://doi.org/10.3389/fphar.2022.944089
https://doi.org/10.1074/jbc.M112.374744
https://doi.org/10.1074/jbc.M112.374744
https://doi.org/10.1074/jbc.274.17.12036
https://doi.org/10.1074/jbc.274.17.12036
https://doi.org/10.1038/s41392-024-01800-9
https://doi.org/10.1038/nrm1547
https://doi.org/10.1038/s41577-022-00680-w
https://doi.org/10.4049/jimmunol.173.8.4994
https://doi.org/10.4049/jimmunol.173.8.4994
https://doi.org/10.1038/s41392-021-00791-1
https://doi.org/10.1038/s41392-021-00791-1
https://doi.org/10.1093/intimm/dxn002
https://doi.org/10.1186/s12943-023-01827-6
https://doi.org/10.1186/s12943-023-01827-6
https://doi.org/10.1038/nri3198
https://doi.org/10.1038/s41467-024-54794-x
https://doi.org/10.3389/fimmu.2025.1625419
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Marty et al. 10.3389/fimmu.2025.1625419
46. Sobah ML, Liongue C, Ward AC. SOCS proteins in immunity, inflammatory
diseases, and immune-related cancer. Front Med (Lausanne). (2021) 8:727987.
doi: 10.3389/fmed.2021.727987

47. Alexander WS, Hilton DJ. The role of suppressors of cytokine signaling (SOCS)
proteins in regulation of the immune response. Annu Rev Immunol. (2004) 22:503–29.
doi: 10.1146/annurev.immunol.22.091003.090312

48. Zhao Y, Xiong X, Sun Y. Cullin-RING Ligase 5: Functional characterization and
its role in human cancers. Semin Cancer Biol. (2020) 67. doi: 10.1016/
j.semcancer.2020.04.003

49. Wu W, Sun XH. A mechanism underlying NOTCH-induced and ubiquitin-
mediated JAK3 degradation. J Biol Chem. (2011) 286:41153–62. doi: 10.1074/
jbc.M111.273755

50. Kurniawan H, Soriano-Baguet L, Brenner D. Regulatory T cell metabolism at the
intersection between autoimmune diseases and cancer. Eur J Immunol. (2020) 50:1626–
42. doi: 10.1002/eji.201948470

51. Powell JD, Pollizzi KN, Heikamp EB, Horton MR. Regulation of immune
responses by mTOR. Annu Rev Immunol. (2012) 30:39–68. doi: 10.1146/annurev-
immunol-020711-075024

52. Soares L, Seroogy C, Skrenta H, Anandasabapathy N, Lovelace P, Chung CD,
et al. Two isoforms of otubain 1 regulate T cell anergy via GRAIL. Nat Immunol. (2004)
5:45–54. doi: 10.1038/ni1017

53. Lin JT, Lineberry NB, Kattah MG, Su LL, Utz PJ, Fathman CG, et al. Naive CD4 t
cell proliferation is controlled by mammalian target of rapamycin regulation of GRAIL
expression. J Immunol. (2009) 182:5919–28. doi: 10.4049/jimmunol.0803986
Frontiers in Immunology 12
54. Whiting CC, Su LL, Lin JT, Fathman CG. GRAIL: a unique mediator of CD4 T-
lymphocyte unresponsiveness. FEBS J. (2011) 278:47–58. doi: 10.1111/j.1742-
4658.2010.07922.x

55. Karakus U, Sahin D, Mittl PRE, Mooij P, Koopman G, Boyman O. Receptor-
gated IL-2 delivery by an anti-human IL-2 antibody activates regulatory T cells in three
different species. Sci Transl Med. (2020) 12. doi: 10.1126/scitranslmed.abb9283

56. Lykhopiy V, Malviya V, Humblet-Baron S, Schlenner SM. IL-2 immunotherapy
for targeting regulatory T cells in autoimmunity. Genes Immun. (2023) 24:248–62.
doi: 10.1038/s41435-023-00221-y

57. Zhou LN, Xiong C, Cheng YJ, Song SS, Bao XB, Huan XJ, et al. SOMCL-19-
133, a novel, selective, and orally available inhibitor of NEDD8-activating enzyme
(NAE) for cancer therapy. Neoplasia . (2022) 32:100823. doi: 10.1016/
j.neo.2022.100823

58. Soares L, Yip L, Hurt CR, Fathman G. A common druggable defect in regulatory
T cells from patients with autoimmunity. Crit Rev Immunol. (2020) 40:185–93.
doi: 10.1615/CritRevImmunol.2020034631

59. Zammarchi F, Havenith K, Bertelli F, Vijayakrishnan B, Chivers S, van Berkel
PH. CD25-targeted antibody-drug conjugate depletes regulatory T cells and eliminates
established syngeneic tumors via antitumor immunity. J Immunother Cancer. (2020) 8.
doi: 10.1136/jitc-2020-000860

60. Flynn MJ, Zammarchi F, Tyrer PC, Akarca AU, Janghra N, Britten CE, et al.
ADCT-301, a pyrrolobenzodiazepine (PBD) dimer-containing antibody-drug
conjugate (ADC) targeting CD25-expressing hematological Malignancies. Mol
Cancer Ther. (2016) 15:2709–21. doi: 10.1158/1535-7163.MCT-16-0233
frontiersin.org

https://doi.org/10.3389/fmed.2021.727987
https://doi.org/10.1146/annurev.immunol.22.091003.090312
https://doi.org/10.1016/j.semcancer.2020.04.003
https://doi.org/10.1016/j.semcancer.2020.04.003
https://doi.org/10.1074/jbc.M111.273755
https://doi.org/10.1074/jbc.M111.273755
https://doi.org/10.1002/eji.201948470
https://doi.org/10.1146/annurev-immunol-020711-075024
https://doi.org/10.1146/annurev-immunol-020711-075024
https://doi.org/10.1038/ni1017
https://doi.org/10.4049/jimmunol.0803986
https://doi.org/10.1111/j.1742-4658.2010.07922.x
https://doi.org/10.1111/j.1742-4658.2010.07922.x
https://doi.org/10.1126/scitranslmed.abb9283
https://doi.org/10.1038/s41435-023-00221-y
https://doi.org/10.1016/j.neo.2022.100823
https://doi.org/10.1016/j.neo.2022.100823
https://doi.org/10.1615/CritRevImmunol.2020034631
https://doi.org/10.1136/jitc-2020-000860
https://doi.org/10.1158/1535-7163.MCT-16-0233
https://doi.org/10.3389/fimmu.2025.1625419
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The role of ubiquitin ligases in regulating immune cell functions
	1 Introduction
	2 Ubiquitination and neddylation
	2.1 Ubiquitination: enzyme cascade
	2.2 Neddylation: activating cullin-RING ligases

	3 Post-translational regulation of Treg function
	4 IL-2 receptor signaling pathway
	5 CRL5-mediated cytokine desensitization via SOCS3 in Tregs
	6 mTOR signaling pathways in Treg metabolic regulation
	7 Targeting the neddylation pathway for autoimmune disease
	8 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References




