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The ubiquitin-proteasome system (UPS) plays a crucial role in modulating the

proliferation, activation, and normal functioning of immune cells through the

regulation of protein degradation and function. By influencing the expression of

immune checkpoint-associated proteins, the UPS modulates T cell-mediated

anti-tumor immune responses and can potentially facilitate the immune escape

of tumor cells. Additionally, the UPS contributes to the remodeling of the tumor

immunosuppressive microenvironment (TIME) by regulating B cells, dendritic

cells (DCs), macrophages, and Treg cells. Targeting the UPS in conjunction with

immune checkpoint-associated proteins, and combining these with other

therapeutic approaches, may significantly enhance the efficacy of combination

therapies and pave the way for novel cancer treatment strategies. In this review,

we first summarize the composition and alterations of the TIME, with a particular

emphasis on the role of the UPS in TIME and its interactions with various immune

cell types. Finally, we explore the potential of combining UPS-targeted therapies

with immunotherapy to substantially improve the effectiveness of

immunotherapy and enhance patient survival outcomes.
KEYWORDS
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1 Introduction

The UPS is a unique intracellular protein degradation mechanism that primarily labels

proteins with highly conserved ubiquitin polypeptides, facilitating the recognition and

degradation of target proteins by the 26S proteasome (1, 2). Over 20 years ago, researchers

identified that intracellular proteins are conjugated to highly conserved small ubiquitin

polypeptides, forming complexes that bind to the 26S proteasome and are ultimately

recognized and degraded into small molecular compounds. As scientific understanding of

the UPS’s structure and function has deepened, it has been revealed that ubiquitination is a

process in which a series of ubiquitinating enzymes (E1, E2, and E3) sequentially transfer
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ubiquitin molecules to specific intracellular targets (3). In this

process, E1 first activates the ubiquitin molecule through ATP

hydrolysis and uses the released energy to generate a unique

ubiquitin (Ub)-E1 complex. The E1 complex is then transferred

to a cysteine residue at the E2 active site (4). Assisted by E3

ubiquitin ligase, the E2 complex facilitates the conjugation of

ubiquitin to the substrate, thereby ensuring substrate specificity

(5). The typical ubiquitination process involves the C-terminal

glycine of ubiquitin (Glycine 76) actively recognizing and binding

to lysine residues of the target protein, forming an isopeptide bond

that subsequently affects normal protein degradation. Atypical

ubiquitination, such as that formed through ester or thioester

bonds, while less common, has also demonstrated unique

biological significance in regulating certain cellular processes (6).

Moreover, ubiquitin itself has eight potential ubiquitination sites,

including K6, K11, K27, K33, K29, M1, K48, and K63. This allows

ubiquitin to form various ubiquitin chains, further adding to the

complexity and regulation of the ubiquitination process (7).

Cancer is an extremely complex disease, involving a

combination of processes such as genetic mutations, DNA

damage, immune escape, and aging. The high expression of

tumor immune checkpoint proteins inhibits immune recognition

and normal immune responses (8). In particular, programmed

death receptor 1 (PD-1) and programmed death ligand 1 (PD-L1)

significantly suppress immune responses in the TME by interacting

with T cells (9), thereby promoting tumor proliferation and

metastasis (10). The UPS plays a critical role in regulating PD-1/

PD-L1 expression and function, providing novel regulatory targets

for cancer immunotherapy (11).

This review aims to summarize the intricate relationship between

the UPS and the TIME. The focus is on detailing the interactions

between the UPS and various immune cell types, particularly the

alterations in the PD-1 pathway in T cells. By exploring the

mechanisms of UPS action in TIME and its role in PD-1/PD-L1

expression and stability, we can better leverage these targets to

develop novel therapeutic strategies, enhancing the efficacy of

cancer treatment and improving patient survival outcomes.
2 Composition and function of
immune cells in the TIME

In the TIME, various immune cells interact to form a complex

network comprising both anti-tumor immune cells, which can

attack tumor cells, and pro-tumor immune cells, which promote

tumor proliferation and spread. The homeostatic balance of these

cells is crucial in regulating tumor progression and response

to therapy.
2.1 Anti-tumor immune cells in TIME

Anti-tumor immune cells are well-known for their ability to kill

tumor cells through complex regulatory mechanisms. These cells

include cytotoxic T lymphocytes (CTLs), natural killer (NK) cells,
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classically activated macrophages (M1 macrophages), and helper T

cells (Th cells) (12). However, within the TIME, the normal

activation and function of these anti-tumor immune cells can be

significantly inhibited.

With the advancement of single-cell sequencing technology, the

roles of T cells in anti-tumor immune responses differ across various

subtypes (13). Naive T cells: Naive T cells themselves are not directly

anti-tumor cells, but they can differentiate into effector T cells upon

antigen stimulation, thereby participating in the anti-tumor immune

response. Effector T cells: Effector T cells are among the primary anti-

tumor immune cells, particularly effector CD8+ T cells (cytotoxic T

lymphocytes, CTLs), which can directly recognize and kill tumor cells

(14). CTLs recognize antigens presented by MHC-I molecules on the

surface of tumor cells (15). Guided by chemokines, CTLs kill tumor cells

directly by releasing granules containing granzymes A and B, or by

inducing apoptosis through interactions with death ligands, such as Fas

ligand (16). CTLs also enhance tumor cell killing by secreting cytokines

like interferon-g (IFN-g) and tumor necrosis factor-a (TNF-a) (17).
Effector T cells: Effector T cells mediate tumor cell apoptosis by secreting

cytotoxicmolecules such as perforin and granzymes, as well as cytokines

like IFN-g (18). Memory T cells persist after the initial immune response

and can rapidly respond upon re-exposure to the same antigen. CD8+

memory T cells provide strong immune protection in the event of

tumor recurrence, effectively suppressing the regrowth of tumors (19).

CD4+ Helper T Cells (Th Cells): CD4+ T cells promote CTL

proliferation and activation by secreting cytokines, enhance the

antigen-presenting capability of DCs, and contribute to the formation

of memory CTLs, thus playing a key role in long-term anti-tumor

immunity (20, 21). DCs: As the most potent antigen-presenting cells

(APCs), DCs are critical in initiating adaptive immune responses. They

greatly enhance T-cell activation and function by expressing co-

stimulatory molecules such as CD80 and CD86, which interact with

CD28 on T-cells (22, 23). Additionally, DCs secrete a variety of

cytokines (e.g., TNF-a, IL-6, IL-8, and IL-12), which play a key role

in regulating local immune responses (24). NK Cells: The absence of

MHC-I molecules is a common strategy employed by tumor cells to

evade CTL surveillance. NK cells can directly lyse and kill tumor cells

lackingMHC-Imolecules by recognizing these tumor cells and releasing

perforin and granzymes (25). M1 Macrophages: M1 macrophages

contribute to the Th1-type immune response by secreting pro-

inflammatory cytokines and anti-tumor factors such as TNF-a, IL-1b,
and IL-12 (26, 27). They also directly kill tumor cells by releasing

reactive oxygen species (ROS) and nitrogen species (RNS) (28).

The synergistic actions of these cells constitute the body’s first

line of defense against tumor growth and metastasis. Their

activities are extensively regulated by intercellular signaling

exchanges within the TIME. Understanding these processes is

crucial for developing effective immunotherapeutic strategies

against tumors.

2.2 Immunosuppressive cells

Regulatory T Cells (Tregs): In the TIME, the substantial

enrichment of Tregs suppresses NK cell and CD8+ T cell activity

through the massive secretion of immunosuppressive cytokines
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such as TGF-b, IL-35, and IL-10, which in turn suppress NK cell

and CD8+ T cell activity (29, 30). Tregs also induce apoptotic

signaling by engaging with death ligands on the surface of effector T

cells, such as FasL and PD-L1 (31). In cell contact-dependent effects,

Tregs inhibit IL-2 secretion and T-cell activation by blocking CD28-

mediated costimulatory signaling via FBXO38 (32). Additionally,

Tregs inhibit the antigen-presenting function of DCs by binding

LAG-3 protein on their surface to MHC class II molecules on DCs

(33, 34). Myeloid-Derived Suppressor Cells (MDSCs): MDSCs

inhibit the immune response of effector T cells through multiple

mechanisms. They disrupt T cell signaling and metabolic pathways

by producing reactive species such as arginase, nitric oxide synthase,

and ROS, which degrade intracellular signaling molecules and

inhibit cell surface receptor expression (35). MDSCs also

diminish T cell proliferation and survival by depleting key

immune-st imulating amino acids such as L-arginine.

Furthermore, MDSCs inhibit T cell activity by expressing PD-L1

and interacting with Tregs to foster an immunosuppressive

environment (36, 37). M2 Macrophages: M2 macrophages

suppress inflammation and promote tumor cell survival and

proliferation by secreting immunosuppressive factors such as

TGF-b and IL-10. They also enhance local immunosuppression

by producing chemokines like CCL22, which attract Tregs to the

TME (38, 39). M2 macrophages support tumor growth and

metastasis by enhancing the tumor cells’ capacity for angiogenesis

and tissue remodeling (e.g., through the secretion of VEGF and

PDGF) (40).

These immunosuppressive cells interact through intricate

mechanisms, forming a complex immunosuppressive network in

the TME, which is crucial for tumor growth, progression, and

resistance to immunotherapy. Understanding these interactions

helps identify new therapeutic targets that may enhance the

efficacy of tumor immunotherapy by disrupting these cells’

functions or blocking their signaling pathways.
3 Crosstalk between the UPS and
various immune cells

3.1 T cells

T cells are critical components of anti-tumor immunity, and

their normal development and activation are essential for effective

immune responses. Recent research has highlighted the pivotal role

of immune checkpoints, such as PD-1/PD-L1 and CTLA-4, in

enabling tumor immune evasion (41). E3 ubiquitin ligases

regulate these specific molecular mechanisms, thereby influencing

T cell activity and anti-tumor immune function. These E3 ligases

affect the stability, localization, and function of immune checkpoint

proteins through specific ubiquitination events (42). FBXO38:

FBXO38, a component of the SCF (Skp1-Cullin-F-box) complex,

specifically targets the Lys233 residue in the cytoplasmic domain of

PD-1 for polyubiquitination (43, 44). This polyubiquitination,

typically Lys48-linked, signals for proteasome-dependent

degradation of PD-1. Consequently, FBXO38 directly reduces

PD-1 expression, inhibiting PD-1/PD-L1 interaction. This
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reduction significantly enhances T cell activity, thereby improving

their cytotoxic effects on tumor cells (45). Cbl-b: Cbl-b inhibits

CD28-mediated signaling pathways in T cells. Specifically, Cbl-b

actively binds to and ubiquitinates the p85b subunit of PI3K,

thereby inhibiting CD28-dependent PI3K pathway signaling (46).

CD28 counteracts this by inhibiting Cbl-b’s pathway, with NEDD4

ubiquitinating Cbl-b under CD28 co-stimulation, leading to Cbl-b’s

degradation via the proteasome, thus suppressing its signaling

pathway (47, 48). However, within the TME, PD-1 and CTLA4

enhance Cbl-b activity, subsequently inhibiting the expression of

Cbl-b downstream effectors and promoting TIME formation.

CTLA4, through Cbl-b, inhibits the activity of key proteins such

as PKCq, Vav1, and PLCg, leading to diminished anti-tumor

immune responses by T cells (49). Modulating the ubiquitination

status of relevant signaling proteins can therefore enhance T cell

activity and improve their tumoricidal capacity. b-TrCP and

GSK3b: GSK3b phosphorylates unglycosylated PD-L1, creating a

binding site for b-TrCP (50, 51). This phosphorylation is necessary

for b-TrCP to mediate the ubiquitination and subsequent

degradation of PD-L1 (52). b-TrCP, part of the SCF complex,

recognizes and binds phosphorylated PD-L1, leading to its

ubiquitination and proteasomal degradation. This reduces PD-L1

levels on the cell surface, thereby diminishing its inhibitory effect on

T cells (53). COP9 Signalosome (CSN) and CSN5: CSN5, a

component of the COP9 signalosome, functions as a

deubiquitinating enzyme that removes ubiquitin chains from PD-

L1, preventing its degradation. This leads to sustained high

expression of PD-L1 on the cell surface, which in turn enhances

the immunosuppressive response (54). Beyond its direct effect on

PD-L1, CSN5 modulates the inflammatory response and immune

evasion mechanisms by deubiquitinating other key regulatory

proteins, such as downstream factors of NF-kB (55, 56).

Tregs play crucial immunosuppressive roles within the TIME,

and their functions are directly influenced by the regulation of

various ubiquitinating enzymes. Several key deubiquitinating

enzymes (DUBs) and E3 ubiquitin ligases are instrumental in

regulating Treg stability and function. USP7: FOXP3, a key

transcription factor in Treg differentiation, is stabilized and

functionally expressed by USP7 (57). USP7 enhances Treg

stability and immunosuppressive function by deubiquitinating

FOXP3, thereby preventing its degradation. In the TME, this

contributes to maintaining Treg-mediated immune suppression,

aiding tumor immune evasion (58). USP21: In Tregs, USP21

depletion correlates with a significant reduction in FOXP3

expression and other Treg signature genes, indicating its critical

role in maintaining Treg function. Inactivating USP21 may weaken

Treg immunosuppression by reducing FOXP3 stability, presenting

a potential target for immunotherapy (59). USP22 and USP9X:

These DUBs significantly influence T cell activity by regulating PD-

L1 deubiquitination (60). Within the TIME, these enzymes help

maintain high levels of PD-L1, thereby contributing to tumor-

mediated immune suppression and enhancing Treg functionality

(61). GRAIL: GRAIL, a RING-type E3 ubiquitin ligase, regulates

CD4+ T cell function. Overexpression of GRAIL in Tregs

transforms normal CD4+ T cells into regulatory phenotype cells

(62). GRAIL also regulates Treg function by degrading the TCR-
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CD3 complex, thereby reinforcing tumor immune escape. VHL:

VHL, another E3 ubiquitin ligase, regulates thymus size and cell

number by targeting HIF-1a for ubiquitination and proteasome-

dependent degradation (63). Accumulation and enhanced activity

of HIF-1a may affect Treg production and function, thereby

impacting immune homeostasis in the TME (64). TRAF Family

Proteins (TRAF3 and TRAF6): These adaptor E3 ubiquitin ligases

regulate T cell and Treg development by influencing IL-2 signaling

and thymic stroma development. In mouse models, TRAF3 deletion

induces massive Treg proliferation in the thymus, while TRAF6

deletion impedes thymic epithelial cell development, both affecting

central tolerance establishment (65).

By elucidating the specific mechanisms of action of these E3

ligases and their impact on T cells, we gain deeper insight into how

they regulate tumor immune evasion and T cell activity. These

insights provide valuable targets for therapeutic strategies aimed at

modulating or interfering with these ubiquitination processes.
3.2 DC cells

In the TIME, DC function plays a pivotal role in tumor

immunosurveillance and immune escape mechanisms, primarily

through the precise regulation of ubiquitination. Ubiquitination

modulates DC maturation, antigen-presenting capacity, and

interactions with T cells within a complex network of molecular

interactions and signal transduction pathways (66). Ubiquitination

in DC Maturation and Antigen Presentation: During the immature

state of DCs, MARCH1 drives lysosomal degradation and

endocytosis by ubiquitinating co-stimulatory molecules like CD86

and the b-subunit of MHCII, thereby maintaining an immune-

tolerant state in DCs (67). In the TME, this mechanism may

facilitate tumor cells in evading immune surveillance. Upon

receiving maturation signals such as TLR agonists, MARCH1

expression is downregulated, reducing the ubiquitin-mediated

degradation of MHCII and CD86. This reduction allows these

molecules to accumulate on the cell surface, thereby enhancing

the DC’s ability to present antigens to T cells and provide co-

stimulatory signals essential for activating an anti-tumor immune

response (68). Furthermore, CD83 interacts with MARCH1 to

inhibit CD86 ubiquitination, promoting stable CD86 expression

on the DC surface and enhancing its T cell activation capability

(69). This regulatory mechanism is particularly critical in the TIME,

as it directly influences the activation state of DCs. Regulation of the

NF-kB Pathway by Ubiquitination: NF-kB is a key transcription

factor regulating DC function, with its activation tightly controlled

by ubiquitination and deubiquitination processes (70). In the TME,

inflammatory signals received by DCs, such as TLR agonists, lead to

the recruitment of MyD88 and IRAK family kinases, which

subsequently interact with the E3 ubiquitin ligase TRAF6 (71).

TRAF6, in cooperation with the E2 ligase Ubc13, promotes K63-

linked ubiquitination of IRAK1/4, a critical step in activating the

IKK complex and NF-kB. During this process, LUBAC (linear

ubiquitin chain assembly complex) is crucial for full NF-kB
activation (72). LUBAC extends the K63-linked ubiquitin chain

through M1-type ligation, which further enhances IKK complex
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expression and recruitment, ultimately promoting NF-kB release,

transcriptional activity, and the pro-inflammatory, activation state

of DCs in the TME (73). Ubiquitination in Regulating Tumor

Escape Mechanisms: Within the TIME, ubiquitination not only

regulates internal signaling and functions of DCs but also influences

interactions between tumor cells and DCs by modulating surface

molecules on tumor cells (74). MARCH1 is an E3 ligase that can

ubiquitinate MHC-II molecules on the surface of tumor cells,

leading to their endocytosis and degradation. MHC-II molecules

are crucial proteins for antigen presentation, and dendritic cells

(DCs) recognize and capture these molecules to present antigens

and activate T cells. When MHC-II molecules are degraded by

ubiquitin ligases such as MARCH1, the ability of DCs to capture

tumor antigens is reduced, thereby suppressing DC function and

the anti-tumor immune response (75).

Ubiquitination orchestrates DC function in the TIME through a

series of intricate molecular mechanisms. The precise regulation of

these mechanisms is vital for activating effective anti-tumor

immune responses.
3.3 Tumor-associated macrophages

In the TIME, E3 ligases play a crucial role in recruiting TAMs to

the tumor site and facilitating their functional expression, thereby

promoting tumor growth and immune escape.

CRL: CRL is a large E3 ligase complex composed of multiple

subunits, involved in the ubiquitination and degradation of various

proteins (76). In the regulation of TAMs, CRL mediates the

ubiquitination and subsequent degradation of IkBa, thereby

relieving its inhibitory effect on NF-kB. This allows NF-kB to

translocate into the nucleus, where it activates the expression of

genes associated with cell survival, inflammation, and immune

regulation, including CCL2 (77). This process enhances TAM

recruitment and their survival within the TME. The activity of

CRL is critically dependent on neddylation, a modification of cullin

proteins. Inhibition of neddylation leads to inactivation of the CRL

E3 ligase complex, reducing the expression of key inflammatory

regulators and thereby inhibiting TAM recruitment and tumor cell

immune escape (78). COP1 E3 Ligase: COP1 is an E3 ligase with a

RING finger domain, responsible for ubiquitinating and degrading

several proteins, including the tumor suppressor protein P53 and

transcription factors such as C/EBPd (79). COP1 interacts with C/

EBPd through the adaptor protein Trib, promoting the

ubiquitination and degradation of C/EBPd. In many tumor cells,

C/EBPd functions to inhibit the expression of chemokines and

chemotactic factors (80). The degradation of C/EBPd enhances the

secretion of chemokines, such as CCL2, by TAMs, thereby

increasing TAM recruitment. Modulating COP1 activity can

influence the polarization and function of TAMs towards the M2

phenotype, which is crucial for reinforcing immunosuppression

within the TIME (81). KCP1 E3 Ligase: KCP1 mediates the

ubiquitination and conversion of p105, the precursor of the NF-

kB protein, into the active p50 subunit. p50 is a key regulator of the

NF-kB pathway, which governs the expression of a broad range of

genes involved in inflammatory responses and immunity (82, 83).
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Overexpression of p50 has been shown to promote the expression of

chemokines such as CCL3 and CCL4, which are vital mediators of

TAM recruitment. Additionally, the p50 subunit influences PD-L1

expression, and its downregulation may enhance anti-tumor

immune responses within the TIME (84). In tumors, loss of

function or downregulation of KCP1 has been observed, which

may disrupt the NF-kB signaling pathway and alter the TIME.

The UPS in the TIME influences the growth, activation, and

functional expression of various immune cells by precisely

regulating the stability and activity of key proteins (Figure 1).

Targeting these mechanisms has led to several new clinical trials

with promising outcomes (Table 1). In the future, focusing on the

interaction between the UPS and immune cells is expected to

provide a robust theoretical foundation for developing novel

combination therapies against tumors.
4 Clinical applications of the UPS in
tumor therapy, challenges
and perspectives

4.1 The role of E3 ligase inhibitors
in immunotherapy

Inhibitors targeting E3 ligases have demonstrated significant

potential in cancer therapy. SPOP is an E3 ligase that ubiquitinates

and degrades PD-L1 protein, thereby inhibiting tumorigenesis.

Studies have shown that CDK4/6 can inhibit the expression of

Cyclin D-CDK4, leading to the phosphorylation of Speckle-type

POZ protein (SPOP), which ultimately stabilizes PD-L1 expression
Frontiers in Immunology 05
and increases its protein levels (85). Therefore, CDK4/6 inhibitors

can enhance the ubiquitination function of SPOP, promoting anti-

tumor immune responses. Research by Pan et al. has confirmed that

CDK4/6 inhibitors, when combined with anti-PD-1 inhibitors,

significantly inhibit tumor growth and proliferation in mice,

resulting in a marked increase in overall survival.

ARV-471 is an orally administered drug that utilizes PROTAC

technology to target estrogen receptor (ER) a. In mouse models of

breast cancer, the combination of ARV-471 with the CDK4/6

inhibitor Palbociclib significantly suppressed tumor progression

(86). Additionally, FBXO22 is a typical F-box protein and a

component of E3 ligase complexes. Similar to the action of SPOP,

FBXO22 directly ubiquitinates and degrades PD-L1, thereby

increasing the sensitivity of tumor cells to immunotherapeutic

agents. Among the upstream regulators of FBXO22, CDK5 is

particularly noteworthy (87). CDK5 directly influences the

ubiquitination and degradation of PD-L1, thereby modulating

anti-tumor immune responses. Studies have shown that

combining CDK5 inhibitors with immune checkpoint inhibitors

(ICIs) can significantly enhance the efficacy of immunotherapy,

effectively inhibiting tumor initiation and progression.
4.2 Clinical applications of DUB inhibitors
in immunotherapy

DUBs are primarily responsible for removing ubiquitin

molecules from protein substrates, thereby reversing ubiquitination

modifications. This process is crucial for maintaining protein

homeostasis within the cell, regulating signal transduction
FIGURE 1

UPS regulates various types of immune cells in TIME.
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pathways, and modulating various cellular functions. DUBs play an

essential role in maintaining immune homeostasis and modulating

immune responses by regulating the ubiquitination status of key

immune-related proteins (88). For example, DUBs remove ubiquitin
Frontiers in Immunology 06
chains from PD-L1, preventing its degradation by the proteasome

and thereby maintaining high levels of PD-L1 expression on the

surface of tumor cells. This elevated PD-L1 expression binds to PD-1

on T cells, inhibiting their activity and leading to immune evasion.
TABLE 1 Clinical trials related to ubiquitinating enzymes in tumor therapy.

NCT Number Title Status Conditions Interventions Characteristics

NCT06223542 Studying TAK-243 in Patients
With Advanced Cancer

Not
yet recruiting

• Advanced Lymphoma
• Advanced Malignant Solid
Neoplasm
• Metastatic Malignant
Solid Neoplasm

• Procedure: Biopsy
• Procedure: Biospecimen
Collection
• Procedure: Computed
Tomography
• Procedure: Magnetic
Resonance
Imaging
• Drug: UAE Inhibitor
TAK-243

Phase:
Phase 1

NCT05107674 A Study of NX-1607 in Adults
With Advanced
Malignancies

Recruiting • Ovarian Cancer, Epithelial
• Gastric Cancer
• GastroEsophageal Junction
(GEJ)
Cancer
• Head and Neck Squamous
Cell
Carcinoma
• Metastatic or Unresectable
Melanoma
• Non-small Cell Lung Cancer
(NSCLC)
• Metastatic Castration-
resistant Prostate
Cancer (mCRPC)
• Malignant Pleural
Mesothelioma (MPM)
• Triple Negative Breast Cancer
(TNBC)
• Metastatic Urothelial
Carcinoma
• and 4 more

• Drug: NX-1607
• Drug: Paclitaxel

Phase:
Phase 1

NCT02256241 The Role of RING Ubiquitin
Ligases in Biologic and
Oncologic Processes in Tissues
of Mesenchymal Origin

Unknown status • Group 1: Trauma Operation
for
Otherwise Healthy Patients
• Group 2: Primary Tumors of
Mesenchymal Origin

NCT02045095 A Dose Escalation Study of
MLN7243 (TAK-243) in Adult
Participants With Advanced
Solid Tumors

Terminated • Advanced Malignant
Solid Tumors

• Drug: MLN7243 Phase:
Phase 1

NCT01358617 Prognostic Biomarkers in
Tumor Tissue Samples From
Young Patients
With Neuroblastoma

Completed • Disseminated Neuroblastoma
• Localized Resectable
Neuroblastoma
• Localized Unresectable
Neuroblastoma
• Recurrent Neuroblastoma
• Stage 4S Neuroblastoma

• Other: diagnostic laboratory
biomarker analysis

NCT00216697 An Extension Study to Provide
Bortezomib to Patients
With Relapsed or Refractory
Multiple Myeloma Who
Previously Participated in a
Bortezomib Phase I/II Study
and Who May Benefit From
Re-Treatment With or
Continuation of
Bortezomib Therapy

Completed • Multiple Myeloma • Drug: bortezomib Phase:
Phase 2
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DUBs, such as USP7, have been found to enhance the stability and

function of Tregs by deubiquitinating FOXP3. Tregs exert

immunosuppressive effects in the TME, limiting the anti-tumor

activity of effector T cells. Targeting DUBs to modulate their

activity has emerged as a potential strategy to enhance anti-tumor

immune responses and inhibit tumor progression. DUB inhibitors

are of great significance in the clinical treatment of tumors. Up to

now, several clinical trials have made some progress. A clinical trial,

NCT02372240, showed that VLX1570, as the first DUB inhibitor to

enter a clinical trial, was effective in killing tumors bymainly targeting

USP14/UCH-L5. However, unfortunately, the clinical trial was

terminated due to severe pulmonary toxicity (89). KSQ-4279, as

this most advanced USP1 inhibitor reported so far, is undergoing

phase I clinical trials (NCT05240898). It is primarily used for the

treatment of advanced solid tumors, including ovarian and triple-

negative breast cancers . KSQ-4279 exhibits excel lent

pharmacokinetic properties in vitro and shows significant

antitumor activity in animal models. In particular, when combined

with PARP inhibitors, it was able to kill tumors in multiple models,

demonstrating in addition to excellent clinical efficacy (90). In

addition, the first-generation USP7 inhibitor P5091 induces

apoptosis in multiple myeloma cells by promoting ubiquitination of

MDM2 and MDMX, which in turn activates the p53 pathway and

ultimately induces apoptosis. It has achieved good efficacy in the

clinical treatment of myeloma. The second-generation covalently

bound inhibitor P22077 inhibits the enzymatic activity of USP7 by

modifying cysteine 223 in its catalytic center. It has gained some

efficacy in the treatment of many tumors (91). However, since there

are still obvious side effects, its therapeutic mechanism still needs to

be further explored in the future. The natural product berberine, as a

novel USP7 inhibitor, promotes ubiquitination and degradation of

MDM2 by disrupting the MDM2-DAXX-USP7 complex, and has

also achieved good efficacy in the clinical treatment of tumors with

fewer side effects. Other DUB inhibitors, such as USP21, USP14 and

OTUB2, have also shown great therapeutic potential in a variety of

solid tumors. USP21 inhibitors are able to inhibit the

deubiquitylation of MEK2 and FOXM1, which in turn down-

regulates the expression of the ERK pathway and ultimately

inhibits the growth of tumor cells (92). Despite the challenges of

toxicity, targeting, and drug resistance, DUB inhibitors will be a key

component in the clinical treatment of cancer in the future.

USP7 enhances the stability and function of Tregs by

deubiquitinating FOXP3. Tregs play an immunosuppressive role

in the TME, limiting the anti-tumor activity of effector T cells.

Additionally, studies have found a significant positive correlation

between the expression of USP7 and PD-L1. Further research

revealed that USP7 can assist tumor cells in immune evasion by

increasing the expression of PD-L1 protein. The combination of

USP7 inhibitors with PD-1 or PD-L1 inhibitors can significantly

enhance the efficacy of immunotherapy. Moreover, combining

USP7 inhibitors with anti-PD-1 monoclonal antibody therapy has

shown promising therapeutic effects in lung cancer models (93).

USP22 also has the ability to regulate PD-L1 stability through

deubiquitination. USP22 increases PD-L1 protein levels by

regulating the CSN5/PD-L1 axis. CSN5 has been confirmed as a

key protein that promotes the deubiquitination of PD-L1. USP22
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stabilizes CSN5 protein by deubiquitinating polyubiquitin chains,

thereby enhancing PD-L1 expression. Knocking down USP22 can

enhance T cell and NK cell activity, and when combined with ICIs,

it significantly improves the therapeutic efficacy of ICIs (94). USP14

promotes IDO1 expression by enhancing its deubiquitination,

preventing its degradation by ubiquitin ligases. High expression

of IDO1 protein significantly suppresses CD8+ T cell activity and

levels, facilitating immune evasion. In colorectal cancer (CRC),

knocking down USP14 can inhibit IDO1 expression, enhance CD8+

T cell activity and numbers, and make CRC cells more sensitive to

immunotherapy. Furthermore, clinical studies have shown that the

first-generation USP14 inhibitor IU1 can significantly reduce IDO1

protein expression and inhibit IDO1-induced immune suppression.

Additionally, the combination of IU1 with ICIs and IDO1

inhibitors can significantly reduce the “off-target” effects

associated with these inhibitors and enhance therapeutic efficacy

(95). The combined treatment of IU1 and anti-PD-1 has been

shown to significantly reduce tumor proliferation and progression,

offering a new therapeutic approach for future cancer patients.
4.3 Challenges and perspectives

USP7, USP22, and USP14 remain pivotal targets for the

combination of UPS inhibitors and immunotherapy. In addition,

USP8, USP15, USP9X, and USP18 can directly bind to PD-L1,

stabilizing PD-L1 expression and promoting immune evasion by

tumor cells. Inhibitors targeting these USPs, when combined with

ICIs, can significantly enhance the efficacy of immunotherapy.

However, PD-1/PD-L1 regulation is not solely dependent on

ubiquitination; other post-translational modifications (PTMs), such

as phosphorylation, acetylation, lactylation, and palmitoylation, also

play critical roles in modulating PD-1/PD-L1 protein expression.

Future research should, therefore, take a comprehensive approach to

protein degradation pathways and explore multi-target combination

therapies. Despite the immense potential of DUB inhibitors in the

clinical treatment of malignant tumors, several challenges remain in

developing specific inhibitors. First, the complex structural features of

DUB catalytic domains, coupled with the high similarity among DUB

family members, present significant challenges for targeted drug

design. Second, the large molecular weight of DUBs complicates

crystal formation, making it difficult to obtain complete crystal

structures—an essential requirement for structure-based drug

design. Additionally, DUBs may undergo conformational changes

upon ubiquitin binding, which further complicates small molecule

prediction and computer simulation. Moreover, the intricate

regulatory mechanisms of DUBs, which involve both catalytic

activity and substrate-mediated conformational modulation, add

another layer of complexity to the development of specific

inhibitors. Finally, given the critical role of the UPS in normal

cellular functions, inhibiting UPS components may lead to severe

toxicity and side effects, such as peripheral neuropathy and

hematologic toxicity observed with proteasome inhibitors.

Nevertheless, the potential clinical application of DUB

inhibitors in cancer treatment remains promising. Future research

could focus on identifying and optimizing novel small-molecule
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DUB inhibitors through high-throughput screening and computer-

aided drug design (CADD). Advances in structural biology

techniques, such as cryo-electron microscopy (Cryo-EM), may

provide clearer crystal structures of DUBs, thereby facilitating the

rational design of inhibitors. Additionally, developing multi-target

inhibitors that can simultaneously target multiple DUBs may

enhance therapeutic efficacy and reduce tumor drug resistance by

inhibiting multiple signaling pathways concurrently. The combined

use of DUB inhibitors with immunotherapy, chemotherapy, and

other therapeutic modalities could significantly improve cancer

treatment outcomes. The integration of genomics, proteomics,

and metabolomics technologies, alongside a deeper understanding

of the specific mechanisms of DUBs in various cancers, will offer

more personalized treatment options for patients. Ultimately, the

continued development and clinical application of DUB inhibitors

hold the potential to substantially improve the survival rates and

quality of life for cancer patients.
5 Conclusion

The ubiquitin-proteasome system regulates immune system

responses by interacting with various types of immune cells in

TIME. In this review, we aim to summarize the essential

components of TIME, focusing on the normal function of T cells,

DC cells, NK cells, MDSC, M2-type macrophages, and Tregs. UPS

plays an important role in facilitating immune evasion by

modulating these immune cells. crucial role in helping tumor cell

immune evasion by regulating these immune cells. In the future,

targeting relevant ubiquitinating enzymes and combining them

with immunotherapy will greatly promote the efficacy of tumor

therapy and significantly improve the quality of patient’s survival.
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62. Fathman CG, Yip L, Gómez-Martıń 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

63. Trotta AM, Santagata S, Zanotta S, D’Alterio C, Napolitano M, Rea G, et al.
Mutated Von Hippel-Lindau-renal cell carcinoma (RCC) promotes patients specific
natural killer (NK) cytotoxicity. J Exp Clin Cancer Res: CR. (2018) 37:297. doi: 10.1186/
s13046-018-0952-7

64. Smigielska-Czepiel K, van den Berg A, Jellema P, van der Lei RJ, Bijzet J, Kluiver
J, et al. Comprehensive analysis of miRNA expression in T-cell subsets of rheumatoid
arthritis patients reveals defined signatures of naive and memory Tregs. Genes Immun.
(2014) 15:115–25. doi: 10.1038/gene.2013.69

65. Weng X, Zhao B, Li R, Li Q, Zhang A. Cultivated Artemisia rupestris L.
polysaccharide CARP2 as an adjuvant for influenza vaccines to prolong immune
responses. Int J Biol Macromol. (2023) 224:713–24. doi: 10.1016/j.ijbiomac.2022.10.159

66. Shin JS, Ebersold M, Pypaert M, Delamarre L, Hartley A, Mellman I. Surface
expression of MHC class II in dendritic cells is controlled by regulated ubiquitination.
Nature. (2006) 444:115–8. doi: 10.1038/nature05261
frontiersin.org

https://doi.org/10.1038/s41586-023-06733-x
https://doi.org/10.1038/s41568-023-00560-y
https://doi.org/10.1038/s41568-023-00560-y
https://doi.org/10.1136/jitc-2023-007733
https://doi.org/10.1146/annurev-immunol-101819-025146
https://doi.org/10.4049/jimmunol.2100952
https://doi.org/10.1084/jem.20030242
https://doi.org/10.1084/jem.20030242
https://doi.org/10.1038/s41423-021-00741-5
https://doi.org/10.1038/s41590-018-0132-0
https://doi.org/10.7150/thno.30716
https://doi.org/10.7150/thno.30716
https://doi.org/10.1073/pnas.2100295118
https://doi.org/10.1016/j.redox.2024.103059
https://doi.org/10.1016/j.redox.2024.103059
https://doi.org/10.1080/14728222.2018.1451514
https://doi.org/10.1080/14728222.2018.1451514
https://doi.org/10.1038/ni1428
https://doi.org/10.1084/jem.20061852
https://doi.org/10.1172/jci76031
https://doi.org/10.1016/j.cell.2012.06.053
https://doi.org/10.1016/j.immuni.2023.06.003
https://doi.org/10.1038/nrc3581
https://doi.org/10.1158/2326-6066.Cir-16-0297
https://doi.org/10.1186/s12943-022-01657-y
https://doi.org/10.1016/s1471-4906(02)02302-5
https://doi.org/10.1186/s13045-023-01478-6
https://doi.org/10.1146/annurev-pathmechdis-012418-012718
https://doi.org/10.1146/annurev-pathmechdis-012418-012718
https://doi.org/10.1080/21645515.2019.1571892
https://doi.org/10.1038/s41586-018-0756-0
https://doi.org/10.1016/j.it.2018.12.005
https://doi.org/10.1016/j.omto.2022.12.003
https://doi.org/10.1016/j.neo.2024.100973
https://doi.org/10.1136/jitc-2022-006007
https://doi.org/10.1038/s41598-019-56208-1
https://doi.org/10.1002/1873-3468.12985
https://doi.org/10.1084/jem.20202477
https://doi.org/10.1038/s41556-021-00820-9
https://doi.org/10.1038/s41556-021-00820-9
https://doi.org/10.1038/s41423-023-01075-0
https://doi.org/10.1038/ncomms12632
https://doi.org/10.1186/s13045-022-01352-x
https://doi.org/10.1186/s13045-022-01352-x
https://doi.org/10.1016/j.apsb.2020.06.014
https://doi.org/10.1016/j.apsb.2020.11.005
https://doi.org/10.1016/j.apsb.2021.09.010
https://doi.org/10.1186/s13287-018-0991-1
https://doi.org/10.1021/acs.jmedchem.2c01444
https://doi.org/10.1155/2021/6613162
https://doi.org/10.3389/fimmu.2022.918314
https://doi.org/10.1016/j.cyto.2024.156589
https://doi.org/10.3389/fimmu.2022.1046631
https://doi.org/10.1186/s13046-018-0952-7
https://doi.org/10.1186/s13046-018-0952-7
https://doi.org/10.1038/gene.2013.69
https://doi.org/10.1016/j.ijbiomac.2022.10.159
https://doi.org/10.1038/nature05261
https://doi.org/10.3389/fimmu.2024.1436174
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2024.1436174
67. van Niel G, Wubbolts R, Ten Broeke T, Buschow SI, Ossendorp FA, Melief CJ,
et al. Dendritic cells regulate exposure of MHC class II at their plasma membrane by
oligoubiquitination. Immunity. (2006) 25:885–94. doi: 10.1016/j.immuni.2006.11.001

68. Alix E, Godlee C, Cerny O, Blundell S, Tocci R, Matthews S, et al. The tumour
suppressor TMEM127 is a nedd4-family E3 ligase adaptor required by salmonella steD
to ubiquitinate and degrade MHC class II molecules. Cell Host Microbe. (2020) 28:54–
68.e7. doi: 10.1016/j.chom.2020.04.024

69. Tze LE, Horikawa K, Domaschenz H, Howard DR, Roots CM, Rigby RJ, et al.
CD83 increases MHC II and CD86 on dendritic cells by opposing IL-10-driven
MARCH1-mediated ubiquitination and degradation. J Exp Med. (2011) 208:149–65.
doi: 10.1084/jem.20092203

70. Kaisho T, Tanaka T. Turning NF-kappaB and IRFs on and off in DC. Trends
Immunol. (2008) 29:329–36. doi: 10.1016/j.it.2008.03.005

71. Lork M, Verhelst K, Beyaert R. CYLD, A20 and OTULIN deubiquitinases in NF-
kB signaling and cell death: so similar, yet so different. Cell Death differentiation. (2017)
24:1172–83. doi: 10.1038/cdd.2017.46

72. Ordureau A, Smith H, Windheim M, Peggie M, Carrick E, Morrice N, et al. The
IRAK-catalysed activation of the E3 ligase function of Pellino isoforms induces the
Lys63-linked polyubiquitination of IRAK1. Biochem J. (2008) 409:43–52. doi: 10.1042/
bj20071365

73. Kool M, van Loo G, Waelput W, De Prijck S, Muskens F, Sze M, et al. The
ubiquitin-editing protein A20 prevents dendritic cell activation, recognition of
apoptotic cells, and systemic autoimmunity. Immunity. (2011) 35:82–96.
doi: 10.1016/j.immuni.2011.05.013

74. Liu J, Han C, Xie B, Wu Y, Liu S, Chen K, et al. Rhbdd3 controls autoimmunity
by suppressing the production of IL-6 by dendritic cells via K27-linked ubiquitination
of the regulator NEMO. Nat Immunol. (2014) 15:612–22. doi: 10.1038/ni.2898

75. Baravalle G, Park H, McSweeney M, Ohmura-Hoshino M, Matsuki Y, Ishido S,
et al. Ubiquitination of CD86 is a key mechanism in regulating antigen presentation by
dendritic cells. J Immunol. (2011) 187:2966–73. doi: 10.4049/jimmunol.1101643

76. Xiao Y, Liu R, Li N, Li Y, Huang X. Role of the ubiquitin-proteasome system on
macrophages in the tumor microenvironment. J Cell Physiol. (2024) 239:e31180.
doi: 10.1002/jcp.31180

77. Li W, Bengtson MH, Ulbrich A, Matsuda A, Reddy VA, Orth A, et al. Genome-
wide and functional annotation of human E3 ubiquitin ligases identifies MULAN, a
mitochondrial E3 that regulates the organelle’s dynamics and signaling. PloS One.
(2008) 3:e1487. doi: 10.1371/journal.pone.0001487

78. Soucy TA, Smith PG, Milhollen MA, Berger AJ, Gavin JM, Adhikari S, et al. An
inhibitor of NEDD8-activating enzyme as a new approach to treat cancer. Nature.
(2009) 458:732–6. doi: 10.1038/nature07884

79. Li T, Fu J, Zeng Z, Cohen D, Li J, Chen Q, et al. TIMER2.0 for analysis of tumor-
infiltrating immune cells. Nucleic Acids Res. (2020) 48:W509–w514. doi: 10.1093/nar/
gkaa407

80. Wang X, Tokheim C, Gu SS, Wang B, Tang Q, Li Y, et al. In vivo CRISPR screens
identify the E3 ligase Cop1 as a modulator of macrophage infiltration and cancer
immunotherapy target. Cell. (2021) 184:5357–5374.e22. doi: 10.1016/j.cell.2021.09.006

81. Hsiao YW, Li CF, Chi JY, Tseng JT, Chang Y, Hsu LJ, et al. CCAAT/enhancer
binding protein d in macrophages contributes to immunosuppression and inhibits
Frontiers in Immunology 10
phagocytosis in nasopharyngeal carcinoma. Sci Signaling. (2013) 6:ra59. doi: 10.1126/
scisignal.2003648

82. Geng R, Zheng Y, Zhao L, Huang X, Qiang R, Zhang R, et al. RNF183 is a
prognostic biomarker and correlates with tumor purity, immune infiltrates in uterine
corpus endometrial carcinoma. Front Genet. (2020) 11:595733. doi: 10.3389/
fgene.2020.595733

83. Gulei D, Drula R, Ghiaur G, Buzoianu AD, Kravtsova-Ivantsiv Y, Tomuleasa C, et al.
The tumor suppressor functions of ubiquitin ligase KPC1: from cell-cycle control to NF-kB
regulator. Cancer Res. (2023) 83:1762–7. doi: 10.1158/0008-5472.Can-22-3739

84. Kravtsova-Ivantsiv Y, Goldhirsh G, Ivantsiv A, Ben Itzhak O, Kwon YT,
Pikarsky E, et al. Excess of the NF-ĸB p50 subunit generated by the ubiquitin ligase
KPC1 suppresses tumors via PD-L1- and chemokines-mediated mechanisms. Proc Natl
Acad Sci United States America. (2020) 117:29823–31. doi: 10.1073/pnas.2019604117

85. Zhang H, Jin X, Huang H. Deregulation of SPOP in cancer. Cancer Res. (2023)
83:489–99. doi: 10.1158/0008-5472.Can-22-2801

86. Pan W, Luo Q, Yan X, Yuan L, Yi H, Zhang L, et al. A novel SMAC mimetic
APG-1387 exhibits dual antitumor effect on HBV-positive hepatocellular carcinoma
with high expression of cIAP2 by inducing apoptosis and enhancing innate anti-tumor
immunity. Biochem Pharmacol. (2018) 154:127–35. doi: 10.1016/j.bcp.2018.04.020

87. De S, Holvey-Bates EG, Mahen K, Willard B, Stark GR. The ubiquitin E3 ligase
FBXO22 degrades PD-L1 and sensitizes cancer cells to DNA damage. Proc Natl Acad
Sci USA. (2021) 118:e2112674118. doi: 10.1073/pnas.2112674118

88. Gao H, Yin J, Ji C, Yu X, Xue J, Guan X, et al. Targeting ubiquitin specific proteases
(USPs) in cancer immunotherapy: from basic research to preclinical application. J Exp Clin
Cancer research: CR. (2023) 42:225. doi: 10.1186/s13046-023-02805-y

89. Wang X, Mazurkiewicz M, Hillert EK, Olofsson MH, Pierrou S, Hillertz P, et al.
The proteasome deubiquitinase inhibitor VLX1570 shows selectivity for ubiquitin-
specific protease-14 and induces apoptosis of multiple myeloma cells. Sci Rep. (2016)
6:26979. doi: 10.1038/srep26979

90. Li XY, Wu JC, Liu P, Li ZJ, Wang Y, Chen BY, et al. Inhibition of USP1 reverses
the chemotherapy resistance through destabilization of MAX in the relapsed/refractory
B-cell lymphoma. Leukemia. (2023) 37:164–77. doi: 10.1038/s41375-022-01747-2

91. Fan YH, Cheng J, Vasudevan SA, Dou J, Zhang H, Patel RH, et al. USP7 inhibitor
P22077 inhibits neuroblastoma growth via inducing p53-mediated apoptosis. Cell
Death Dis. (2013) 4:e867. doi: 10.1038/cddis.2013.400

92. Hou P, Ma X, Yang Z, Zhang Q, Wu CJ, Li J, et al. USP21 deubiquitinase elevates
macropinocytosis to enable oncogenic KRAS bypass in pancreatic cancer. Genes Dev.
(2021) 35:1327–32. doi: 10.1101/gad.348787.121

93. Wu J, Kumar S, Wang F, Wang H, Chen L, Arsenault P, et al. Chemical
approaches to intervening in ubiquitin specific protease 7 (USP7) function for oncology
and immune oncology therapies. J medicinal Chem. (2018) 61:422–43. doi: 10.1021/
acs.jmedchem.7b00498

94. Wang Y, Sun Q, Mu N, Sun X, Wang Y, Fan S, et al. The deubiquitinase USP22
regulates PD-L1 degradation in human cancer cells. Cell communication signaling: CCS.
(2020) 18:112. doi: 10.1186/s12964-020-00612-y

95. Shi D, Wu X, Jian Y, Wang J, Huang C, Mo S, et al. USP14 promotes tryptophan
metabolism and immune suppression by stabilizing IDO1 in colorectal cancer. Nat
Commun. (2022) 13:5644. doi: 10.1038/s41467-022-33285-x
frontiersin.org

https://doi.org/10.1016/j.immuni.2006.11.001
https://doi.org/10.1016/j.chom.2020.04.024
https://doi.org/10.1084/jem.20092203
https://doi.org/10.1016/j.it.2008.03.005
https://doi.org/10.1038/cdd.2017.46
https://doi.org/10.1042/bj20071365
https://doi.org/10.1042/bj20071365
https://doi.org/10.1016/j.immuni.2011.05.013
https://doi.org/10.1038/ni.2898
https://doi.org/10.4049/jimmunol.1101643
https://doi.org/10.1002/jcp.31180
https://doi.org/10.1371/journal.pone.0001487
https://doi.org/10.1038/nature07884
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1016/j.cell.2021.09.006
https://doi.org/10.1126/scisignal.2003648
https://doi.org/10.1126/scisignal.2003648
https://doi.org/10.3389/fgene.2020.595733
https://doi.org/10.3389/fgene.2020.595733
https://doi.org/10.1158/0008-5472.Can-22-3739
https://doi.org/10.1073/pnas.2019604117
https://doi.org/10.1158/0008-5472.Can-22-2801
https://doi.org/10.1016/j.bcp.2018.04.020
https://doi.org/10.1073/pnas.2112674118
https://doi.org/10.1186/s13046-023-02805-y
https://doi.org/10.1038/srep26979
https://doi.org/10.1038/s41375-022-01747-2
https://doi.org/10.1038/cddis.2013.400
https://doi.org/10.1101/gad.348787.121
https://doi.org/10.1021/acs.jmedchem.7b00498
https://doi.org/10.1021/acs.jmedchem.7b00498
https://doi.org/10.1186/s12964-020-00612-y
https://doi.org/10.1038/s41467-022-33285-x
https://doi.org/10.3389/fimmu.2024.1436174
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2024.1436174
Glossary

UPS Ubiquitin-Proteasome System
Frontiers in Immunol
TIME Tumor Immunosuppressive Microenvironment
TME Tumor Microenvironment
PD-1 Programmed Cell Death Protein 1
PD-L1 Programmed Death-Ligand 1
CTLA-4 Cytotoxic T-Lymphocyte-Associated Protein 4
SCF Skp1-Cullin-F-box
PI3K Phosphoinositide 3-Kinase
NF-kB Nuclear Factor kappa-light-chain-enhancer of activated

B cells
b-TrCP Beta-Transducin Repeat Containing Protein
GSK3b Glycogen Synthase Kinase 3 Beta
COP9 Constitutive Photomorphogenesis 9
CSN COP9 Signalosome
DUBs Deubiquitinating Enzymes
USP7 Ubiquitin-Specific Protease 7
USP21 Ubiquitin-Specific Protease 21
USP22 Ubiquitin-Specific Protease 22
USP9X Ubiquitin-Specific Protease 9 X-Linked
GRAIL Gene Related to Anergy in Lymphocytes
TCR T-Cell Receptor
CD3 Cluster of Differentiation 3
VHL Von Hippel-Lindau Tumor Suppressor
HIF-1a Hypoxia-Inducible Factor 1-alpha
TRAF TNF Receptor Associated Factor
MARCH1 Membrane-Associated RING-CH-type Finger 1
MHCII Major Histocompatibility Complex Class II
CD86 Cluster of Differentiation 86
TLR Toll-Like Receptor
ogy 11
MyD88 Myeloid Differentiation Primary Response 88
IRAK Interleukin-1 Receptor-Associated Kinase
IKK IkB Kinase
LUBAC Linear Ubiquitin Chain Assembly Complex
CRL Cullin-RING Ligase
IkBa Inhibitor of kappa B alpha
C/EBPd CCAAT/Enhancer-Binding Protein Delta
KCP1 Kelch-Like ECH-Associated Protein 1
p105 Precursor of NF-kB Protein
p50 Active Subunit of NF-kB Protein
DC Dendritic Cell
Tregs Regulatory T Cells
Th17 T Helper 17 Cells
CTL Cytotoxic T Lymphocytes
APC Antigen-Presenting Cells
TNF-a Tumor Necrosis Factor Alpha
IL-6 Interleukin 6
IL-8 Interleukin 8
IL-12 Interleukin 12
CCL2 C-C Motif Chemokine Ligand 2
CCL3 C-C Motif Chemokine Ligand 3
CCL4 C-C Motif Chemokine Ligand 4
TGF-b Transforming Growth Factor Beta
IL-10 Interleukin 10
IL-35 Interleukin 35
VEGF Vascular Endothelial Growth Factor
PDGF Platelet-Derived Growth Factor
LAG-3 Lymphocyte-Activation Gene 3
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