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1Cancer Axis and Institut du cancer de Montréal, Centre Hospitalier de l’Université de Montréal
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The proteasome (prosome, macropain) is a key cellular organelle responsible

primarily for protein homeostasis, by degrading damaged or misfolded proteins.

Proteasome-processed protein fragments can then be further trimmed and

funneled to the major histocompatibility complex class I (MHC-I) antigen

presentation pathway for cell surface display and immune recognition. Various

types of proteasomes can be found in mammalian cells with different expression

patterns and cleavage abilities. As such, the immunoproteasome (ImP)

preferentially cleaves proteins to yield MHC-I-compatible fragments. It is

constitutively expressed by some immune cells and can be induced by pro-

inflammatory signals. Interestingly, it was also found to be expressed in multiple

types of cancers and proteasome activity can be modulated by some cancer

therapies. A better understanding of its impact on cancer progression, prognosis

and treatment response is therefore needed to guide treatment decisions. In this

review, we focus on the multiple roles of the ImP in cancer, including its interplay

with the immune system, as well as its impact on patient outcomes.
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1 Introduction

The constitutive 26S proteasome (CP) is a large intracellular proteolytic complex that is

primarily known for its key role in protein homeostasis (1). Protein degradation by the CP

allows for the recycling of misfolded and damaged proteins and also modulates various

cellular functions by degrading key pathway regulators, as well as other components (2–4).

Importantly, the CP also contributes to antigen presentation by major histocompatibility

class I (MHC-I) molecules. Indeed, it cleaves proteins into peptides that are then fed into

the pathway for loading onto MHC-I molecules, cell surface display and presentation to

immune cells (5). Other types of proteasomes are also found in mammals. As such, the

thymoproteasome, the spermatoproteasome and the ImP are expressed in different
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contexts. While the spermatoproteasome is present in the testes

during spermatogenesis, and the thymoproteasome is expressed in

cortical thymic cells, the ImP is expressed by some immune cells

and also inducible by most cell types in inflammatory conditions

(6). The ImP is also found in many cell types in the tumor

microenvironment (TME), where it was described to impact

disease outcomes (7). In this review, we discuss the various roles of

the ImP through cancer progression (Figure 1).
2 ImP structure

All proteasomes contain a barrel-shaped 20S core particle,

which is composed of four heptameric rings. The two outer rings

are composed of proteasome 20S subunit alpha 1 to 7, which are

encoded by the proteasome 20S subunit alpha (PSMA) genes. The

alpha rings are conserved across all proteasome subtypes and guard

access to the inner catalytic chamber, where cleavage takes place (8).
Frontiers in Immunology 02
The two inner rings are composed of proteasome subunit beta type

1-7 (PSMB1-7), which have either structural (PSMB1-4) or catalytic

roles. More specifically, PSMB5, 6 and 7, bear chymotrypsin-,

caspase- and trypsin-like cleavage abilities, respectively (9). While

chymotrypsin-like activity cleaves proteins after residues with

hydrophobic side chains such as tyrosines, leucines, isoleucines

and phenylalanines, caspase-like cleavage cuts after acidic residues

like asparagines and glutamates and trypsin-like cleavages takes

place after basic residues like arginines and lysines (10, 11). Notably,

chymotrypsin-like cleavage yields protein fragments with optimal

residues for anchoring to the MHC-I peptide-binding groove. For

the ImP, the catalytic subunits are PSMB8 (also called low

molecular mass peptide (LMP) 7 or ImP subunit b5 (PSb5i)),
PSMB9 (LMP2 or PSb1i) and PSMB10 (multi-catalytic

endopeptidase complex subunit 1 or PSb2i) (12). While PSMB8

and 10 retain the activities of their CP homologs, PSMB9 provides

additional chymotrypsin-like cleavage to the ImP instead of

trypsin-like activity (Table 1) (12). As a result, the CP and ImP
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FIGURE 1

Schematic representation of the roles of the ImP across different stages of cancer progression. Most cancers exhibit increased ImP expression
compared to healthy tissues while some others repress ImP expression. The known mechanisms by which cancers regulate ImP expression are
depicted. The effects of the ImP in oncogenesis, anti-tumor immunity and outcomes are also outlined.
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Béland et al. 10.3389/fimmu.2025.1603816
generate different repertoires of peptides, which can then be loaded

onto MHC-I molecules (13). This surface display of the intracellular

protein content allows for immune cells to identify and eliminate

cells that are infected or mutated. This is especially important in the

context of cancer where immunoediting allows for the elimination

of malignant cells (14). As described below, the ImP was found to

affect cancer progression and treatment responses in a variety of

cancer models (15, 16). It is expressed by different cell types and its

aberrant regulation can affect cellular function that can be either

beneficial or detrimental to the disease, depending on the context.

3 ImP regulation

Hematopoietic cells tend to have a proteasome pool that is

skewed towards ImPs. Notably, the ImP is constitutively expressed
Frontiers in Immunology 03
by professional antigen-presenting cells such as dendritic cells, B

cells and macrophages, therefore supporting its importance for

antigen presentation (17). These cells, as well as T cells, NK cells,

granulocytes, and monocytes, almost exclusively express the ImP

(18). For non-immune cells, ImP expression can be induced by pro-

inflammatory cytokines (19), with type-II interferon (IFNg) being
the most potent inducer (20). Type-I IFNs, as well as tumor necrosis

factor a (TNFa) (20, 21) and various stress signals such as a heat

shock, reactive oxygen species, nitric oxide and bacterial

lipopolysaccharide can also trigger its expression (Figure 2)

(22–25).

PSMB8 and 9 genes are closely encoded in the MHC-II locus on

chromosome 6 in humans or 17 in mice and are therefore co-

regulated (12). Their promoters contains multiple sequence

elements that are recognized by signal transduction and activator

of transcription 1 (STAT1), as well as IFN regulatory factor 1

(IRF1), thus conferring IFN-responsiveness (26). Alternatively,

PSMB8 and 9 transcription can also be induced by nuclear factor

kappa-light-chain enhancer of activated B cells (NF-kB), cyclic
adenosine monophosphate responsive element binding protein

(CREB), zinc finger protein 268 (ZNF268), specificity protein 1

(SP1), as well as activator protein 1 (AP1/2), therefore allowing for

their IFN-independent regulation (27, 28). PSMB10 is located on a

different chromosome (8 in humans and 16 in mice), but can also be

induced by STAT1, IRF1, NF-kB, SP1 and AP1/2 (12). Finally,

IFNs, TNFa and nitric oxide can also induce the expression of all

three ImP subunits via purine-rich box binding protein 1 (PU.1)
FIGURE 2

Schematic representation of the regulation of ImP subunit expression. The ImP subunits can be induced via PU.1, STAT1/IRF1, NF-kB, AP1 or CREB.
The figure illustrates various stimuli that trigger the expression of PSMB8, 9 and/or 10.
TABLE 1 Catalytic activities of CP and ImP subunits.

CP
subunit

ImP
subunit

Cleavage
type

Cleavage after
amino acids

PSMB5 PSMB8
Chymotrypsin-
like

Hydrophobic (tyrosine, leucine,
isoleucine, phenylalanine)

PSMB6 Caspase-like Acidic (asparagine, glutamate)

PSMB9
Chymotrypsin-
like

Hydrophobic (tyrosine, leucine,
isoleucine, phenylalanine)

PSMB7 PSMB10 Trypsin-like Basic (arginine, lysine)
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(29–32) (Figure 2). When expressed, PSMB8, 9 and 10 are

preferentially incorporated into the proteasome complex.

Importantly, the subunits contain N-terminal pro-peptides that

block their catalytic sites, which prevents aberrant protein

cleavage (33). Once the complex is fully assembled, the pro-

peptides are cleaved, and the ImP is catalytically active (3).

Functional ImPs accomplish various functions that, in addition to

shaping immune responses, also affect cancer onset, progression

and treatment responses.
4 ImP functions within the tumor
niche

The TME is a complex network that includes several cell types,

stroma, as well as extracellular matrix. Given that the ImP is a

cellular component that is not secreted, it is neither found in the

stroma nor the extracellular matrix. Instead, it can be found in the

cells of the TME, which include immune cells, endothelial cells,

cancer-associated fibroblasts (CAFs) and tumor cells themselves (7,

34–36).

Immune cells infiltrate tumor tissues and act as critical

modulators of immune surveillance (7, 37, 38). To avoid immune

recognition, many cancers have therefore evolved defects in various

components of the antigen presentation machinery. For example,

non-small cell lung cancer (NSCLC), as well as pancreatic and

esophagus squamous cell carcinomas downregulate ImP expression

(39–41). Importantly, many studies are now describing the ImP as a

biomarker of tumor immunogenicity (7, 42–44). For instance, in

lower-grade glioma tumors, PSMB9 transcript levels were shown to

correlate with increased gene signatures for CD8 and CD4 T cells,

macrophages, as well as B cells (45). Similarly, Kumar et al.

conducted a pan-cancer analysis of PSMB8, 9 and 10 expression

and immune infiltration and found that PSMB8, 9 and 10 co-

expression was linked to increased CD8 T cell, natural killer cell and

activated dendritic cell gene signatures in most cancer types. Finally,

it has been shown in myeloma, melanoma and clear cell renal cell

carcinoma that activating the ImP increased the presentation of

tumor-associated antigens, which resulted in enhanced anti-tumor

activity (42, 46, 47).

Although the role of the ImP in antigen presentation is

recognized as its main function, it also impacts immune cells in

various other ways. For dendritic cells, ImP expression was shown

to shape their cellular transcriptome. Indeed, PSMB8- and 10-

deficient cells exhibited decreased activation of IRFs, STATs and

NF-kB, which in turn prevented the expression of multiple-pro-

inflammatory genes (48), which may impair the recruitment,

activation and polarization of adaptive immune cells with anti-

tumor activity within the TME (49).

For macrophages, high PSMB9 expression within the tumor

was linked to increased phagocytosis (50), which could suggest

enhanced tumor clearance and subsequent presentation of cancer

antigens. For CD8 T cells, PSMB8, 9 and 10 co-expression was

linked to increased activation and intra-tumor infiltration (49). For
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CD4 T cells, PSMB8 was shown to be critical for their activation by

allowing for optimal MHC-II presentation (51). Furthermore, an

ImP inhibitor was shown to favor the differentiation of T cells into

regulatory T cells rather that Th1 or Th17 cells (52, 53). PSMB8 was

also found to contribute to cell activation and protein homeostasis

in both CD4 T cells and B cells (52).

For natural killer (NK) cells, which recognize missing self, their

cytotoxic activity is increased against ImP-deficient cells because

they express lower levels of surface MHC-I molecules. While this

enhanced NK cell activity was studied in the context of influenza

virus infection (54), the opposite was found in the context of cancer

for which a single cell transcriptomics study revealed elevated

activity of NK cells in melanoma tumors expressing high PSMB9

(50). Further work will be needed to better understand the

importance of the ImP for NK cells in the context of cancer.

While ImP-mediated enhanced immune cell infiltration can be

beneficial for immunogenic cancers, it can also be deleterious for

inflammatory cancers such as colitis-induced colorectal carcinoma

for which the recruitment and pro-tumoral polarization of immune

cells sustain inflammation (55). For instance, PSMB8 was shown to

increase the expression of chemokines that attract neutrophils, such

as C-X-C motif ligand 1, 2 and 3, as well as vascular cell adhesion

molecule 1, which was shown to support inflammation-driven

tumorigenesis (55). The impact of the ImP on immune

infiltration and cancer immunogenicity can also influence the

response to therapy, as this infiltration was identified as

important for the efficacy of immune checkpoint inhibitors (56,

57). For instance, NSCLC, melanoma, as well as muscle-invasive

bladder, breast and thymic cancers expressing high levels of PSMB8,

9 and 10 were shown to respond better to the treatment (7, 58).

PSMB9 was found to be more important in bladder cancer (59) and

PSMB8 and 9 in melanoma (42).

Additional functions of the ImP in immune cells are

summarized in Table 2. While some of these functions were

described in non-cancer contexts and remain to be fully

understood, they are likely to also take place within the TME (60,

61). Of note, while PSMB8 and 9 were the first ImP subunits to be

discovered (62), PSMB10 was identified later (63) and remains

overall less characterized. As such, additional functions in various

immune cells will likely be uncovered in the future.

For fibroblasts, the ImP can be induced by IFNg and

interestingly, this induction is lost in the context of senescence

(64). Since senescence is often observed in cancer in response to

treatments, CAFs might have defects that prevent ImP induction.

Also, PSMB8-deficient fibroblasts of the skin have altered responses

to oxidative stress, supporting an important role of the ImP in

maintaining protein homeostasis (25). While we could not find any

study specifically delineating the functions of the ImP in CAFs, its

impacts in other types of fibroblasts might also translate in a

cancer setting.

Similarly to CAFs, the impact of the ImP on tumor endothelial

cells is understudied. In endothelial cells, the ImP can once again be

induced by IFNg (65) and ImP expression by these cells was shown

to contribute to CD8 T cell activation and tissue infiltration in the

context of hypertension (66). Once again, further studies are needed
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determine if this also occurs in tumor endothelial cells. As for Imp

functions in tumor cells themselves, these are detailed in section 3.
5 ImP modulation in cancer

One hallmark of cancer is genetic instability (67). As such,

cancer cells accumulate mutations, some of which perturb cellular

processes and aberrant gene expression is often observed.

Interestingly, the basal expression of PSMB8, 9 and 10 is often

augmented in bladder, breast, head and neck, and subtypes of renal

cancers compared to healthy tissues (45, 68). PSMB8 and 9 are also

overexpressed in lung, pancreatic, stomach, colon, prostate, thyroid,

liver, uterine, cervical, testicular, ovarian and rectal cancers, as well

as in diffuse large B cell lymphoma, acute myeloid leukemia, glioma,

glioblastoma, cholangioma and melanoma (45, 68–70). ImP

expression can also be heterogenous within a tumor. For instance,

a study found high expression of PSMB8 in only 20% of NSCLC

cells (39). ImP expression can also vary across cancer subtypes. In

breast cancer, PSMB8, 9 and 10 have been found to be expressed to

higher levels in hormone-positive cancers compared to other

subtypes (71). Given the impact of ImP expression on cancer

cells, its regulation is often altered in malignant vs healthy cells.

Notably, ImP repression is often observed in cancer. In breast

cancer, retinoic acid receptor responder protein 3, a known

suppressor of lung metastasis (72), has been shown to

downregulate PSMB8, 9 and 10 expression through IRF1 depletion
Frontiers in Immunology 05
(73). In acute promyelocytic leukemia, the promyelocytic leukemia-

retinoic acid receptor-a fusion protein suppresses the function of

PU.1, a key transcription factor that is required for ImP expression

(Figure 2), and all-trans retinoic acid, which degrades the fusion

protein, was shown to restore ImP expression and is seen as a

promising therapeutic option of the patients (74). Another

mechanism by which cancer cells prevent ImP expression is via

epigenetic silencing. For instance, in mesenchymal NSCLC, STAT3

recruits methyltransferases that hyper-methylate the PSMB

promoters and therefore prevent ImP expression (75). Likewise,

acute myeloid leukemia of the M3 subtype show heavy DNA

methylation in the region of PSMB promoters and expresses low

ImP levels (68). Finally, CD28 co-stimulation interferes with DNA

methylation of the ImP promoters in myeloma models, which

prevents expression (76). The aberrant expression of the ImP by

cancer cells affects the disease at all steps from carcinogenesis to

dissemination and also modulates treatment responses. As such, a

deeper understanding of its interplay with cancer is warranted in

order to harness its activity to improve outcomes.
6 The ImP in oncogenesis and disease
progression

The ImP plays cancer-specific roles at various stages of the

disease (Table 3). While its role in cancer immunoediting is

established (34, 77, 78), it also impacts tumor onset. As such,

PSMB8 is a key driver of oncogenesis in many cancers, including

colitis-induced cancers, which are associated with chronic

inflammatory conditions (79, 80). Also, another group has

demonstrated that PSMB8 knockout (KO) mice are resistant to

chronic inflammation and fail to develop tumors upon exposure to

carcinogens (55). Additionally, Leister et al. demonstrated that pro-

tumorigenic factors such as cyclooxygenase-2, interleukin-6 and

interleukin-1b were lower in ImP KO mice (49). Also, correlative

studies predicted that PSMB8 has a carcinogenic role in lower-grade

glioma, uveal melanoma and pancreatic adenocarcinoma (69).

Additionally, in some subtypes of acute myeloid leukemia,

genomic rearrangements involving the lysine methyltransferase

2A gene KMT2A yield fusion proteins that drive oncogenesis

(81). Interestingly, a study found that inhibiting PSMB8 with the

drug ONX-0914 inactivated KMT2A, therefore suggesting a pro-

AML role for this ImP subunit (82). In hepatocellular carcinoma,

PSMB8 was found to be co-expressed with zinc finger protein 655 a

protein that supports cancer proliferation and tumour

establishment (83, 84) and PSMB8 knock-down significantly

reduced disease severity (85). Taken together, these studies

support a pro-cancer role for the ImP in specific cancer types.

Interestingly, the opposite was found for other indications. For

instance, 36% of PSMB9 KO mice were found to spontaneously

develop uterine leiomyosarcoma (86). For leiomyosarcoma, data

from three different cohorts demonstrated that PSMB9low patients

presented an increase in pathways driven by the Src proto-oncogene

and a less favorable prognosis (87). Importantly, ImP expression
TABLE 2 Impact of ImP subunits on immune cells found within the TME.

Immune
cell type

ImP subunit Impact

CD8 T cells
PSMB8
PSMB9
PSMB10

CD8 T cell activation through
enhanced MHC-I presentation
(34, 46, 92)

CD4 T cells PSMB8

CD4 T cell activation through
enhanced MHC-II antigen
presentation (51)
Favors differentiation into Th1 or
Th17 over Tregs (52, 53)
Maintenance of protein
homeostasis (52)

B cells

PSMB8
PSMB9

Altered antigen processing (97)

PSMB8
B cell activation (52)
Maintenance of protein
homeostasis (52)

Dendritic cells

PSMB8
PSMB10

Increased IRF, STAT and NF-kB
activity yields an altered
transcriptome (48)

PSMB8
PSMB9

Altered antigen presentation (96)

Macrophages PSMB9
Increased phagocytosis by tumor-
associated macrophages in
melanoma (50)

NK cells
PSMB8
PSMB10

Facilitates recognition of infected
cells by NK cells (54)
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also affects disease establishment and dissemination. In NSCLC,

deficiencies in ImP subunits drive epithelial-to-mesenchymal

transition (75), a phenomenon that contributes to tumor

aggressiveness through metastasis (88). In breast cancer patient

samples, PSMB8 was shown to be decreased in brain metastases,

suggesting that its loss could play a role in metastasis (89).

Altogether, these findings highlight the diverse roles of the ImP in

cancer establishment and progression.
7 ImP and anti-tumor immunity

Many reports describe the ImP influencing anti-tumor immunity

(90–93). For instance, subcutaneous B16F10 melanoma tumors grow

faster in ImP KO mice compared to their wild-type counterparts, a

phenotype that was associated with decreased effector T cells within

the TME and draining lymph nodes (49). In human breast cancer,

high PSMB8 expression was associated with increased intra-tumoral

CD8 T cell infiltration (43). The authors also found that PSMB8

expression correlated with increased expression of the IFN-

stimulated genes myxovirus resistance gene A and protein kinase

R, high mobility group nucleosome binding domain 1 and high

mobility group box 1 danger-associated molecular patterns, therefore

indicating a pro-immune state in the presence of PSMB8 (43).

Finally, PSMB8 KO mice exhibit depleted Th1 CD4 T cells within

melanoma tumors, which was shown to allow for faster progression

(49). Given that T cells are important players of anti-tumor

immunity, these effects of the ImP are likely to impact their

capacity to recognize and eliminate cancer cells. To do so, T cells

scan the antigenic peptides that are presented at the cell surface and

specifically unleash their cytotoxic activity against the cells that are

not recognized as self.

The collection of peptides that are presented at the cell surface

by MHC molecules constitutes the peptide repertoire (or

immunopeptidome) (94). Interestingly, dendritic cells from

PSMB8/9/10 KO mice have been shown to be defective in the
TABLE 3 Impacts of ImP expression in different cancer types.

Cancer ImP subunit Impact

Colitis-associated
colon cancer

↑ PSMB8

Increased inflammation-
driven tumorigenesis in mice
(49, 55)
Decreased survival (55)6/6/
25 9:29:00 AM

Uveal melanoma
Predictive carcinogenic role
in patients (69)

Pancreatic
adenocarcinoma

Predictive carcinogenic role
in patients (69)

Gastric cancer Decreased survival (101)

Hepatocellular
carcinoma

↓ PSMB8 Reduced disease severity (85)

Leiomyosarcoma ↓ PSMB9
Unfavorable prognosis in
patients (87)

Glioma

↑ PSMB8
Predictive carcinogenic role
in patients (69)

↑ PSMB9

Increased signatures for CD4
and CD8 T cells, B cells,
macrophages and NK cells
(50)
Poor prognosis in patients
(52, 61) 6/6/25 9:29:00 AM

Bladder
urothelial cancer

↑ PSMB8
↑ PSMB9
↑ PSMB10

Improved survival (52, 61)

Sarcoma Improved survival (52, 61)

Thymic cancer Improved survival (7)

Pancreatic cancer Decreased survival (69)

Clear cell renal
cell carcinoma

Decreased survival (7)

Acute
myeloid leukemia

↓ PSMB8
Inactivation of KMT2A
oncogenic proteins (82)

↑ PSMB8
↑ PSMB9
↑ PSMB10

Decreased survival (7)

Myeloma ↑ PSMB8
Increased sensitivity to
proteasome inhibitors (113)

NSCLC

↓ PSMB8
↓ PSMB9
↓ PSMB10

Increased epithelial-to-
mesenchymal transition (75)

↑ PSMB8
↑ PSMB9
↑ PSMB10

Restored MHC-I peptide
repertoire upon
demethylation of ImP
subunit promoters (75)
Improved survival (7, 39)

Breast cancer

↓ PSMB8
Possible immune evasion
and metastasis (89)

↑ PSMB8

CD8 T cell infiltration of
tumors (43)
Increased expression of IFN-
stimulated genes (43)

Improved survival (52, 61,
63, 96)

(Continued)
TABLE 3 Continued

Cancer ImP subunit Impact

↑ PSMB8
↑ PSMB9
↑ PSMB10

Melanoma

↓ PSMB8
Decreased infiltrating Th1
cells (49)

↓ PSMB8
↓ PSMB9
↓ PSMB10

Faster growth of B16F10
tumors in ImP-KO mice vs
wild-type mice (49)
Decreased effector T cells in
the tumor
microenvironment (49)

↑ PSMB8
↑ PSMB9
↑ PSMB10

Increased presentation of
MHC-I peptides derived
from tumor-associated
antigens (42)
Improved survival (42)
Arrow pointing up means high expression. Arrow down means low expression.
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presentation of multiple epitopes (95). As such, the contribution of

the ImP to the immunopeptidome in the context of cancer has

emerged as a new avenue to increase anti-tumor immunity.

Counter-intuitively, many studies reported that the ImP limited

the presentation of some tumor epitopes by dendritic cells and B

cells (96–98). These results, together with the established differences

in the peptides yielded from protein degradation by the CP vs ImP

further support an impact of the ImP on the peptide repertoire.

The peptide repertoire of cancer cells is important for their

elimination by T cells, and is also a key factor in the efficacy of

cancer vaccines. For a peptide vaccine targeting the cancer driver

epidermal growth factor receptor variant III (EGFRvIII), a mutation

in the peptide sequence enhanced ImP processing and translated

into better therapeutic efficacy in the GL261-EGFRvIII glioblastoma

model (99). Also, human cell lines of NSCLC were reported to have

depleted repertoires of MHC-I peptides, which could be rescued by

treatment with the DNA methyltransferase inhibitor 5-aza-2’-

deoxycytidine (which demethylates ImP subunit promoters) or

IFNg, both of which increase Imp expression. Further peptide

repertoire analyses and in vitro cell-mediated cytotoxicity assays

confirmed the therapeutic potential of the approach (75).

Altogether, these studies highlight the contribution of the ImP in

shaping anti-tumor immune responses through peptide processing

and presentation. As such, its expression affects cancer outcomes.
8 ImP and cancer outcomes

Given the ability of the ImP to enrich the tumor milieu with

multiple key players of anti-tumor immunity, many groups have

studied the link between ImP expression and the prognosis of

cancer patients. In breast cancer, NSCLC, bladder urothelial cancer,

sarcoma, mesothelioma, melanoma and thymic cancer, elevated

levels of PSMB8, 9 or 10 mRNA correlate with improved survival (7,

39, 43, 45, 49, 69, 75). This has been very well studied in breast

cancer for which PSMB8 expression was linked to better disease-

free survival in patients presenting with lymph node metastases at

the time of diagnosis (43). Furthermore, we previously published

that triple-negative breast cancers had better prognoses when

PSMB8 and 9 protein expression were detected in cancer cells

(100). For some other cancers, ImP is associated with a worst

prognosis. For example, PSMB8 expression decreased survival in

gastric cancer (101) and PSMB9 expression correlated with poor

outcomes in glioma (45). Co-expression of the three subunits was

also linked to poor outcomes in pancreatic cancer, clear cell renal

cell carcinoma and AML (7). These studies highlight the context-

dependent effects of ImP expression in cancer.

From a therapeutic standpoint, ImP expression has also been

reported to affect treatment responses, notably in the context of

immunotherapies. In the last decade, immune checkpoint blockade

has revolutionized cancer treatment (102, 103), and many studies

have now shown that ImP expression is predictive of treatment

response to immune checkpoint inhibitors in melanoma, NSCLC,

breast, bladder and thymus cancer (7, 42, 58). Interestingly, ImP

expression was found to be a superior at predicting treatment
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TABLE 4 Overview of current ImP inhibitor usage in clinical and pre-
clinical studies.

ImP
inhibitor

Category
Cancer
type

Active clinical
trials in cancer*

Bortezomib Non-selective

Myeloma 59

Central
nervous
system tumors

1

Plasmacytoma 1

Acute
lymphoblastic
leukemia

3

Acute
myeloid
leukemia

3

Lymphoma 5

Urethral
cancer

1

Carfilzomib Non-selective
Myeloma 49

Lymphoma 1

Ixazomib Non-selective

Myeloma 21

Acute
lymphoblastic
leukemia

1

Kidney cancer 1

Lymphoma 2

Urothelial
carcinoma

1

ONX-0914
Selective
for PSMB8

Glioblastoma
Acute
lymphoblastic
leukemia
NSCLC
Colorectal
cancer
Gastric cancer
Prostate cancer

Pre-clinical
studies only

PR924
Selective
for PSMB8

Myeloma
Plasmacytoma
Leukemias

Pre-clinical
studies only

M3258
Selective
for PSMB8

Myeloma
Pre-clinical
studies only

IPSI-001
Selective
for PSMB8

In
development

Pre-clinical
studies only

KZR504 Selective for
PSMB9
Selective for
PSMB9
Selective
for PSMB9

LU-001i

LU-002i

KZR616
Selective for
PSMB8
and PSMB10
*As collected from clinicaltrials.gov onMay 27, 2025, with search filter “Active, not recruiting”
applied for each non-selective proteasome inhibitor.
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Béland et al. 10.3389/fimmu.2025.1603816
responses compared to the tumor mutational burden (42) and the

expression of other IFNg-induced gene (58). More work is still

required to understand the molecular mechanisms linking ImP

expression and immune checkpoint blockade sensitivity. The many

impacts of ImP expression on the prognosis of cancer patients are

summarized in Table 3.

For most hematological cancers, the impact of ImP expression

remains poorly characterized (104). Interestingly, the ImP governs

protein homeostasis and supports the survival of these cancers, notably

because it constitutes the majority of the proteasome pool (105). This

ImP dependency makes hematological malignancies ideal candidates

for ImP inhibition as a treatment (104, 106–111). Accordingly, the ImP

is gaining interest in the field of cancer therapy and its inhibition is

being explored as a treatment for some cancers.
9 ImP inhibition in cancer

Inhibiting ImP activity is seen as a promising therapeutic avenue for

many cancers (112, 113). The ImP inhibitors that are currently used in

clinical and pre-clinical studies are summarized in Table 4. Proteasome

inhibitors that target both the CP and the ImP were first explored and
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bortezomib, carfilzomib and ixazomib are currently approved by the

Food and Drug Administration for treatment-refractory or relapsing

multiple myeloma (112, 114, 115). These drugs target proteasome

subunits with chymotrypsin-like activity (116–118) and worldwide,

over 140 clinical trials are currently exploring the efficacy of these

drugs against myelomas, lymphomas and leukemias. Notably,

bortezomib is also approved in mantle cell lymphoma and is

currently undergoing trials for other cancers although severe toxicities

and the development of resistance have been reported (119).

As for inhibitors that specifically inhibit the ImP, few have been

developed in the last decade. As such, ONX-0914, the most studied

ImP inhibitor, blocks PSMB8 and has been reported to induce cell

death in pre-clinical models of glioblastoma, acute lymphoblastic

leukemia, NSCLC, colorectal, gastric and castration-resistant

prostate cancers (55, 107, 120–125). PR-924 is another PSMB8

inhibitor with enhanced ImP selectivity and potency compared to

ONX-0914 (126). It was shown to trigger apoptosis in multiple

myeloma, prolonged survival in a plasmacytoma xenograft model

and was also cytotoxic against bortezomib-resistant leukemia cell

lines (127, 128). Another compound targeting PSMB8 is M3258,

which was shown to efficiently induce the apoptosis of tumor cells

in multiple myeloma xenograft models and presenting a favorable
Tumor-promoting roles Tumor-suppressive roles

PSMB8

Predictive carcinogenic role for PSMB8 
glioma, melanoma and pancreatic 

adenocarcinoma

PSMB8

ISGs

PSMB8 favors expression of 
IFN-stimulated genes and 

DAMPs

� degradation of tumor-
suppressor proteins

� immune cells 
infiltration of TME and
↑ immune recognition

Predictive of ICB response

↑ oncogenic inflammation and 
recruitment of pro-tumor neutrophils
colitis-associated colorectal cancer � EMT and metastasis

B

NK

neutrophil

CD4+

Mɸ

DC

CD8+

↑ Th1 and Th17 
differentiation

IRFs

STATs

NFκB

Primary proteasome subtype 
in most immune cells 

↑ MHC-I presentation and 
immunopeptidome diversification

CD8⁺ and CD4⁺ T cell 
activation

DC pro-inflammatory
transcriptional program

Normal immune function
FIGURE 3

Schematic representation of the functional outcomes of ImP activity in normal immune function, tumor-promotion and tumor-suppression. The roles of
the ImP in normal immune functions includes increased MHC-I presentation, immunopeptidome diversification, T cell activation, increased differentiation
of CD4+ T cells into Th1 or Th17 cells or influencing the transcriptional program of dendritic cells. Amongst its tumor-promoting roles, the ImP has a
predictive carcinogenic role in some cancers and degrades various tumor-suppressor proteins. The ImP also drives oncogenic inflammation in colitis-
associated cancers. It may also increase immune cell infiltration in the TME and trigger danger-associated molecular patterns (DAMPs).
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safety profile (110, 129). Additional ImP inhibitors have recently

been developed, including IPSI-001, KZR504 and LU-001i, which

all target PSMB9, as well as LU-002i which targets PSMB10 (130–

133). The small molecule KZR616, which inhibits both PSMB8 and

10 (134), is the only selective ImP inhibitor to currently be tested

clinically, although not for a cancer indication, but as a treatment

for autoimmunity (NCT04628936, NCT04039477, NCT03393013,

NCT04033926, NCT05569759, NCT05781750). The various

clinical trials testing proteasome inhibitors against cancer are

summarized in Table 4. As we deepen our understanding of the

ImP in the context of cancer, it is likely that its therapeutic potential

will be established, leading to additional clinical studies aiming at

using ImP-selective inhibitors against cancer.
10 Concluding remarks

While the ImP was discovered almost 30 years ago, its role in

cancer was only revealed in the last decade. We are currently

expanding our knowledge of its dichotomous roles at the different

stages of cancer progression, which will likely affect future therapies

(Figure 3). Importantly, while most cancers exhibit increased ImP

expression compared to healthy tissues, and many ImP inhibitors

show promising results in pre-clinical models of the disease, the ImP

also supports anti-tumor immunity, which is important for tumor

control. This tug-of-war between dampening harmful ImP activity and

preserving its pro-immune functions remains to be fully understood.

Future research will likely aim at understanding this balance,

uncovering optimal ImP targeting strategies based on cancer type,

harnessing the potential to mount a favorable anti-tumor immune

response, and combining Imp modulation with existing therapies.
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Béland et al. 10.3389/fimmu.2025.1603816
11. Dick TP, Nussbaum AK, Deeg M, Heinemeyer W, Groll M, Schirle M, et al.
Contribution of proteasomal b-subunits to the cleavage of peptide substrates analyzed
with yeast mutants*. J Biol Chem. (1998) 273:25637–46. doi: 10.1074/jbc.273.40.25637

12. Ferrington DA, Gregerson DS. Immunoproteasomes: structure, function, and
antigen presentation. Prog Mol Biol Transl Sci. (2012) 109:75–112. doi: 10.1016/B978-
0-12-397863-9.00003-1

13. Angeles A, Fung G, Luo H. Immune and non-immune functions of the
immunoproteasome. Front Biosci Landmark Ed. (2012) 17:1904–16. doi: 10.2741/4027

14. Giles JR, Globig AM, Kaech SM, Wherry EJ. CD8+ T cells in the cancer-
immunity cycle. Immunity. (2023) 56:2231–53. doi: 10.1016/j.immuni.2023.09.005

15. Chen B, Zhu H, Yang B, Cao J. The dichotomous role of immunoproteasome in
cancer: Friend or foe? Acta Pharm Sin B. (2023) 13:1976–89. doi: 10.1016/
j.apsb.2022.11.005

16. Tripathi SC, Vedpathak D, Ostrin EJ. The functional and mechanistic roles of
immunoproteasome subunits in cancer. Cells. (2021) 10:3587. doi: 10.3390/
cells10123587

17. Eshof BLvd, Medfai L, Nolfi E, Wawrzyniuk M, Sijts AJAM. The function of
immunoproteasomes—An immunologists’ Perspective. Cells. (2021) 10:3360.
doi: 10.3390/cells10123360

18. Inholz K, Anderl JL, Klawitter M, Goebel H, Maurits E, Kirk CJ, et al.
Proteasome composition in immune cells implies special immune-cell-specific
immunoproteasome function. Eur J Immunol. (2024) 54:e2350613. doi: 10.1002/
eji.202350613

19. McCarthy MK, Weinberg JB. The immunoproteasome and viral infection: a
complex regulator of inflammation. Front Microbiol. (2015) 6:21. doi: 10.3389/
fmicb.2015.00021

20. Aki M, Shimbara N, Takashina M, Akiyama K, Kagawa S, Tamura T, et al.
Interferon-gamma induces different subunit organizations and functional diversity of
proteasomes . J Biochem (Tokyo) . (1994) 115 :257–69. doi : 10 .1093/
oxfordjournals.jbchem.a124327

21. Shin EC, Seifert U, Kato T, Rice CM, Feinstone SM, Kloetzel PM, et al. Virus-
induced type I IFN stimulates generation of immunoproteasomes at the site of
infection. J Clin Invest. (2006) 116:3006–14. doi: 10.1172/JCI29832

22. Callahan MK, Wohlfert EA, Ménoret A, Srivastava PK. Heat shock up-regulates
lmp2 and lmp7 and enhances presentation of immunoproteasome-dependent epitopes.
J Immunol Baltim Md 1950. (2006) 177:8393–9. doi: 10.4049/jimmunol.177.12.8393

23. Kotamraju S, Matalon S, Matsunaga T, Shang T, Hickman-Davis JM,
Kalyanaraman B. Upregulation of immunoproteasomes by nitric oxide: potential
antioxidative mechanism in endothelial cells. Free Radic Biol Med. (2006) 40:1034–
44. doi: 10.1016/j.freeradbiomed.2005.10.052

24. Basler M, Christ M, Goebel H, Groettrup M. Immunoproteasome upregulation
is not required to control protein homeostasis during viral infection. J Immunol Baltim
Md 1950. (2021) 206:1697–708. doi: 10.4049/jimmunol.2000822

25. Seifert U, Bialy LP, Ebstein F, Bech-Otschir D, Voigt A, Schröter F, et al.
Immunoproteasomes preserve protein homeostasis upon interferon-induced oxidative
stress. Cell. (2010) 142:613–24. doi: 10.1016/j.cell.2010.07.036

26. Chatterjee-Kishore M, Wright KL, Ting JP, Stark GR. How Stat1 mediates
constitutive gene expression: a complex of unphosphorylated Stat1 and IRF1 supports
transcription of the LMP2 gene. EMBO J. (2000) 19:4111–22. doi: 10.1093/emboj/
19.15.4111

27. James AB, Conway AM, Morris BJ. Regulation of the neuronal proteasome by
Zif268 (Egr1). J Neurosci Off J Soc Neurosci. (2006) 26:1624–34. doi: 10.1523/
JNEUROSCI.4199-05.2006

28. Zhou P, Zanelli E, Smart M, David C. Genomic organization and tissue
expression of mouse proteasome gene Lmp-2. Genomics. (1993) 16:664–8.
doi: 10.1006/geno.1993.1245

29. Meraro D, Gleit-Kielmanowicz M, Hauser H, Levi BZ. IFN-stimulated gene 15 is
synergistically activated through interactions between the myelocyte/lymphocyte-
specific transcription factors, PU.1, IFN regulatory factor-8/IFN consensus sequence
binding protein, and IFN regulatory factor-4: characterization of a new subtype of IFN-
stimulated response element. J Immunol Baltim Md 1950. (2002) 168:6224–31.
doi: 10.4049/jimmunol.168.12.6224

30. Mazzi P, Donini M, Margotto D, Wientjes F, Dusi S. IFN-gamma induces
gp91phox expression in human monocytes via protein kinase C-dependent
phosphorylation of PU.1. J Immunol Baltim Md 1950. (2004) 172:4941–7.
doi: 10.4049/jimmunol.172.8.4941

31. Etzrodt M, Ahmed N, Hoppe PS, Loeffler D, Skylaki S, Hilsenbeck O, et al.
Inflammatory signals directly instruct PU.1 in HSCs via TNF. Blood. (2019) 133:816–9.
doi: 10.1182/blood-2018-02-832998

32. Niedbala W, Besnard AG, Nascimento DC, Donate PB, Sonego F, Yip E, et al.
Nitric oxide enhances Th9 cell differentiation and airway inflammation. Nat Commun.
(2014) 5:4575. doi: 10.1038/ncomms5575

33. De M, Jayarapu K, Elenich L, Monaco JJ, Colbert RA, Griffin TA. Beta 2 subunit
propeptides influence cooperative proteasome assembly. J Biol Chem. (2003) 278:6153–9.
doi: 10.1074/jbc.M209292200
Frontiers in Immunology 10
34. Xu H, van der Jeught K, Zhou Z, Zhang L, Yu T, Sun Y, et al. Atractylenolide I
enhances responsiveness to immune checkpoint blockade therapy by activating tumor
antigen presentation. J Clin Invest. (2021) 131:e146832, 146832. doi: 10.1172/
JCI146832

35. Leone P, Malerba E, Susca N, Favoino E, Perosa F, Brunori G, et al. Endothelial
cells in tumor microenvironment: insights and perspectives. Front Immunol. (2024)
15:1367875. doi: 10.3389/fimmu.2024.1367875

36. Tao L, Huang G, Song H, Chen Y, Chen L. Cancer associated fibroblasts: An
essential role in the tumor microenvironment. Oncol Lett. (2017) 14:2611. doi: 10.3892/
ol.2017.6497

37. Pagès F, Galon J, Dieu-Nosjean MC, Tartour E, Sautès-Fridman C, Fridman
WH. Immune infiltration in human tumors: a prognostic factor that should not be
ignored. Oncogene. (2010) 29:1093–102. doi: 10.1038/onc.2009.416

38. Dakal TC, George N, Xu C, Suravajhala P, Kumar A. Predictive and
prognostic relevance of tumor-infiltrating immune cells: tailoring personalized
treatments against different cancer types. Cancers. (2024) 16:1626. doi: 10.3390/
cancers16091626

39. Kiuchi T, Tomaru U, Ishizu A, ImagawaM, Iwasaki S, Suzuki A, et al. Expression
of the immunoproteasome subunit b5i in non-small cell lung carcinomas. J Clin Pathol.
(2021) 74:300–6. doi: 10.1136/jclinpath-2020-206618
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Béland et al. 10.3389/fimmu.2025.1603816
103. Madden K, Kasler MK. Immune checkpoint inhibitors in lung cancer and
melanoma. Semin Oncol Nurs. (2019) 35:150932. doi: 10.1016/j.soncn.2019.08.011

104. Besse A, Kraus M, Mendez-Lopez M, Maurits E, Overkleeft HS, Driessen C,
et al. Immunoproteasome activity in chronic lymphocytic leukemia as a target of the
immunoproteasome-selective inhibitors. Cells. (2022) 11:838. doi: 10.3390/
cells11050838

105. Niewerth D, Franke NE, Jansen G, Assaraf YG, van Meerloo J, Kirk CJ, et al.
Higher ratio immune versus constitutive proteasome level as novel indicator of
sensitivity of pediatric acute leukemia cells to proteasome inhibitors. Haematologica.
(2013) 98:1896–904. doi: 10.3324/haematol.2013.092411

106. Besse L, Besse A, Kraus M, Maurits E, Overkleeft HS, Bornhauser B, et al. High
Immunoproteasome Activity and sXBP1 in Pediatric Precursor B-ALL Predicts
Sensitivity towards Proteasome Inhibitors. Cells. (2021) 10:2853. doi: 10.3390/
cells10112853

107. Jenkins TW, Downey-Kopyscinski SL, Fields JL, Rahme GJ, Colley WC,
Israel MA, et al. Activity of immunoproteasome inhibitor ONX-0914 in acute
lymphoblastic leukemia expressing MLL-AF4 fusion protein. Sci Rep. (2021)
11:10883. doi: 10.1038/s41598-021-90451-9

108. Jenkins TW, Fitzgerald JE, Park J, Wilson AM, Berry KL, Wong KS, et al.
Highly specific Immunoproteasome inhibitor M3258 induces proteotoxic stress and
apoptosis in KMT2A::AFF1 driven acute lymphoblastic leukemia. Sci Rep. (2025)
15:17284. doi: 10.1038/s41598-025-01657-0

109. Zhang L, Pham LV, Newberry KJ, Ou Z, Liang R, Qian J, et al. In vitro and in
vivo therapeutic efficacy of carfilzomib in mantle cell lymphoma: targeting the
immunoproteasome. Mol Cancer Ther. (2013) 12:2494–504. doi: 10.1158/1535-
7163.MCT-13-0156

110. Sanderson MP, Friese-HamimM,Walter-Bausch G, Busch M, Gaus S, Musil D,
et al. M3258 is a selective inhibitor of the immunoproteasome subunit LMP7 (b5i)
delivering efficacy in multiple myeloma models. Mol Cancer Ther. (2021) 20:1378–87.
doi: 10.1158/1535-7163.MCT-21-0005

111. Breczko W, Lemancewicz D, Dzięcioł J, Kłoczko J, Bołkun Ł. High
immunoproteasome concentration in the plasma of patients with newly diagnosed
multiple myeloma treated with bortezomib is predictive of longer OS. Adv Med Sci.
(2021) 66:21–7. doi: 10.1016/j.advms.2020.11.003

112. Xi J, Zhuang R, Kong L, He R, Zhu H, Zhang J. Immunoproteasome-selective
inhibitors: An overview of recent developments as potential drugs for hematologic
Malignancies and autoimmune diseases. Eur J Med Chem. (2019) 182:111646.
doi: 10.1016/j.ejmech.2019.111646

113. Ettari R, Zappalà M, Grasso S, Musolino C, Innao V, Allegra A.
Immunoproteasome-selective and non-selective inhibitors: A promising approach for
the treatment of multiple myeloma. Pharmacol Ther. (2018) 182:176–92. doi: 10.1016/
j.pharmthera.2017.09.001

114. Miller Z, Lee W, Kim KB. The immunoproteasome as a therapeutic target for
hematological Malignancies. Curr Cancer Drug Targets. (2014) 14:537–48.
doi: 10.2174/1568009614666140723113139

115. Kortuem KM, Stewart AK. Carfilzomib. Blood. (2013) 121:893–7. doi: 10.1182/
blood-2012-10-459883

116. Lü S, Wang J. The resistance mechanisms of proteasome inhibitor bortezomib.
biomark Res. (2013) 1:13. doi: 10.1186/2050-7771-1-13

117. Kuhn DJ, Chen Q, Voorhees PM, Strader JS, Shenk KD, Sun CM, et al.
Potent activity of carfilzomib, a novel, irreversible inhibitor of the ubiquitin-
proteasome pathway, against preclinical models of multiple myeloma. Blood. (2007)
110:3281–90. doi: 10.1182/blood-2007-01-065888

118. Richardson PG, Baz R, Wang M, Jakubowiak AJ, Laubach JP, Harvey RD, et al.
Phase 1 study of twice-weekly ixazomib, an oral proteasome inhibitor, in relapsed/
refractory multiple myeloma patients. Blood. (2014) 124:1038–46. doi: 10.1182/blood-
2014-01-548826
Frontiers in Immunology 12
119. Cengiz Seval G, Beksac M. The safety of bortezomib for the treatment of
multiple myeloma. Expert Opin Drug Saf. (2018) 17:953–62. doi: 10.1080/
14740338.2018.1513487

120. Koerner J, Brunner T, Groettrup M. Inhibition and deficiency of the
immunoproteasome subunit LMP7 suppress the development and progression of
colorectal carcinoma inmice.Oncotarget. (2017) 8:50873–88. doi: 10.18632/oncotarget.15141

121. Monittola F, Bianchi M, Nasoni MG, Luchetti F, Magnani M, Crinelli R. Gastric
cancer cell types display distinct proteasome/immunoproteasome patterns associated
with migration and resistance to proteasome inhibitors. J Cancer Res Clin Oncol. (2023)
149:10085–97. doi: 10.1007/s00432-023-04948-z

122. Li Y, Dong S, Tamaskar A, Wang H, Zhao J, Ma H, et al. Proteasome inhibitors
diminish c-met expression and induce cell death in non-small cell lung cancer cells.
Oncol Res. (2020) 28:497–507. doi: 10.3727/096504020X15929939001042

123. Li J, Liu N, Zhou H, Xian P, Song Y, Tang X, et al. Immunoproteasome
inhibition prevents progression of castration-resistant prostate cancer. Br J Cancer.
(2023) 128:1377–90. doi: 10.1038/s41416-022-02129-2

124. Chang HH, Lin YH, Chen TM, Tsai YL, Lai CR, Tsai WC, et al. ONX-0914
induces apoptosis and autophagy with p53 regulation in human glioblastoma cells.
Cancers. (2022) 14:5712. doi: 10.3390/cancers14225712

125. Koerner J, Horvath D, Oliveri F, Li J, Basler M. Suppression of prostate cancer
and amelioration of the immunosuppressive tumor microenvironment through
selective immunoproteasome inhibition. Oncoimmunology. (2023) 12:2156091.
doi: 10.1080/2162402X.2022.2156091

126. Huber EM, Basler M, Schwab R, Heinemeyer W, Kirk CJ, Groettrup M, et al.
Immuno- and constitutive proteasome crystal structures reveal differences in substrate
and inhibitor specificity. Cell. (2012) 148:727–38. doi: 10.1016/j.cell.2011.12.030

127. Singh AV, Bandi M, Aujay MA, Kirk CJ, Hark DE, Raje N, et al. PR-924, a
selective inhibitor of the immunoproteasome subunit LMP-7, blocks multiple myeloma
cell growth both in vitro and in vivo. Br J Haematol. (2011) 152:155–63. doi: 10.1111/
j.1365-2141.2010.08491.x

128. Niewerth D, van Meerloo J, Jansen G, Assaraf YG, Hendrickx TC, Kirk CJ, et al.
Anti-leukemic activity and mechanisms underlying resistance to the novel
immunoproteasome inhibitor PR-924. Biochem Pharmacol. (2014) 89:43–51.
doi: 10.1016/j.bcp.2014.02.005

129. Sloot W, Glaser N, Hansen A, Hellmann J, Jaeckel S, Johannes S, et al.
Improved nonclinical safety profile of a novel, highly selective inhibitor of the
immunoproteasome subunit LMP7 (M3258). Toxicol Appl Pharmacol. (2021)
429:115695. doi: 10.1016/j.taap.2021.115695

130. Kuzina ES, Kudriaeva AA, Maltseva DV, Belogurov AA. Peptidyl aldehyde
specifically interacts with immunosubunit b1i proteasome: in vitro and in vivo effects.
Bull Exp Biol Med. (2016) 161:69–71. doi: 10.1007/s10517-016-3347-9

131. Johnson HWB, Anderl JL, Bradley EK, Bui J, Jones J, Arastu-Kapur S, et al.
Discovery of highly selective inhibitors of the immunoproteasome low molecular mass
polypeptide 2 (LMP2) subunit. ACS Med Chem Lett. (2017) 8:413–7. doi: 10.1021/
acsmedchemlett.6b00496

132. de Bruin G, Huber EM, Xin BT, van Rooden EJ, Al-Ayed K, Kim KB, et al.
Structure-based design of b1i or b5i specific inhibitors of human immunoproteasomes.
J Med Chem. (2014) 57:6197–209. doi: 10.1021/jm500716s

133. Xin BT, Huber EM, de Bruin G, Heinemeyer W, Maurits E, Espinal C, et al.
Structure-based design of inhibitors selective for human proteasome b2c or b2i
subunits. J Med Chem. (2019) 62:1626–42. doi: 10.1021/acs.jmedchem.8b01884

134. Johnson HWB, Lowe E, Anderl JL, Fan A, Muchamuel T, Bowers S, et al.
Required immunoproteasome subunit inhibition profile for anti-inflammatory efficacy
and clinical candidate KZR-616 ((2 S,3 R)- N-(( S)-3-(Cyclopent-1-en-1-yl)-1-(( R)-2-
methyloxiran-2-yl)-1-oxopropan-2-yl)-3-hydroxy-3-(4-methoxyphenyl)-2-(( S)-2-(2-
morpholinoacetamido)propanamido)propenamide). J Med Chem. (2018) 61:11127–
43. doi: 10.1021/acs.jmedchem.8b01201
frontiersin.org

https://doi.org/10.1016/j.soncn.2019.08.011
https://doi.org/10.3390/cells11050838
https://doi.org/10.3390/cells11050838
https://doi.org/10.3324/haematol.2013.092411
https://doi.org/10.3390/cells10112853
https://doi.org/10.3390/cells10112853
https://doi.org/10.1038/s41598-021-90451-9
https://doi.org/10.1038/s41598-025-01657-0
https://doi.org/10.1158/1535-7163.MCT-13-0156
https://doi.org/10.1158/1535-7163.MCT-13-0156
https://doi.org/10.1158/1535-7163.MCT-21-0005
https://doi.org/10.1016/j.advms.2020.11.003
https://doi.org/10.1016/j.ejmech.2019.111646
https://doi.org/10.1016/j.pharmthera.2017.09.001
https://doi.org/10.1016/j.pharmthera.2017.09.001
https://doi.org/10.2174/1568009614666140723113139
https://doi.org/10.1182/blood-2012-10-459883
https://doi.org/10.1182/blood-2012-10-459883
https://doi.org/10.1186/2050-7771-1-13
https://doi.org/10.1182/blood-2007-01-065888
https://doi.org/10.1182/blood-2014-01-548826
https://doi.org/10.1182/blood-2014-01-548826
https://doi.org/10.1080/14740338.2018.1513487
https://doi.org/10.1080/14740338.2018.1513487
https://doi.org/10.18632/oncotarget.15141
https://doi.org/10.1007/s00432-023-04948-z
https://doi.org/10.3727/096504020X15929939001042
https://doi.org/10.1038/s41416-022-02129-2
https://doi.org/10.3390/cancers14225712
https://doi.org/10.1080/2162402X.2022.2156091
https://doi.org/10.1016/j.cell.2011.12.030
https://doi.org/10.1111/j.1365-2141.2010.08491.x
https://doi.org/10.1111/j.1365-2141.2010.08491.x
https://doi.org/10.1016/j.bcp.2014.02.005
https://doi.org/10.1016/j.taap.2021.115695
https://doi.org/10.1007/s10517-016-3347-9
https://doi.org/10.1021/acsmedchemlett.6b00496
https://doi.org/10.1021/acsmedchemlett.6b00496
https://doi.org/10.1021/jm500716s
https://doi.org/10.1021/acs.jmedchem.8b01884
https://doi.org/10.1021/acs.jmedchem.8b01201
https://doi.org/10.3389/fimmu.2025.1603816
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	From oncogenesis to prognosis: the roles of the immunoproteasome in cancer
	1 Introduction
	2 ImP structure
	3 ImP regulation
	4 ImP functions within the tumor niche
	5 ImP modulation in cancer
	6 The ImP in oncogenesis and disease progression
	7 ImP and anti-tumor immunity
	8 ImP and cancer outcomes
	9 ImP inhibition in cancer
	10 Concluding remarks
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References




