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Abstract

Breast cancer is a prevalent malignancy worldwide, and its treatment has increasingly shifted towards precision
medicine, with immunotherapy emerging as a key therapeutic strategy. Deubiquitination, an essential epigenetic
modification, is requlated by deubiquitinating enzymes (DUBs) and plays a critical role in immune function and
tumor progression. Ubiquitin-specific proteases (USPs), a prominent subgroup of DUBs, are involved in regulating
immune cell functions, antigen processing, and T cell development in the context of breast cancer. Certain USPs
also modulate the differentiation of immune cells, such as myeloid-derived suppressor cells (MDSCs) and regulatory
T cells (Tregs), within the breast cancer immune microenvironment. Furthermore, several USPs influence the
expression of PD-L1, thus affecting the efficacy of immune checkpoint inhibitors. The overexpression of USPs may
promote immune evasion, contributing to the development of treatment resistance. This review elucidates the
role of USPs in modulating the immune microenvironment and immune responses in breast cancer. Additionally,
it discusses effective strategies for combining USP inhibitors with other therapeutic agents to enhance treatment
outcomes. Therefore, targeting USPs presents the potential to enhance the efficacy of immunotherapy and
overcome drug resistance, offering a more effective treatment strategy for breast cancer patients.
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Background

The incidence of breast cancer is currently increasing,
particularly among younger individuals, surpassing lung
cancer as the most prevalent form of cancer worldwide
[1]. Currently, breast cancer accounts for one-eighth of all
cancer cases and has been the most common malignant
disease in women since 2020 [2]. The primary treatment
modalities for breast cancer include surgical procedures,
adjuvant therapy, and comprehensive treatment. Adju-
vant therapy encompasses radiation therapy, chemo-
therapy, and endocrine therapy, whereas comprehensive
treatment involves the combined use of two or more
of these approaches. In recent years, novel treatment
modalities for breast cancer, including immunotherapy
and gene-targeting therapy, have emerged. It is gener-
ally believed that the development and progression of
breast cancer are not influenced by immune surveillance.
However, the identification of tumour-infiltrating lym-
phocytes (TILs) indicates the presence of immune infil-
tration in breast cancer, stimulating extensive research
into the immunological aspects of breast cancer [3, 4].
This has laid a foundation for the application of immune
medications in the treatment of breast cancer, expand-
ing their potential applications. Notably, compared with
HR-positive (HR+) breast cancer patients, HER2 +and
triple-negative breast cancer patients present varying
numbers of TILs, and the number of TILs is significantly
greater in these patients [5]. Tumor-infiltrating lympho-
cytes (TILs) play a crucial role not only in mediating the
immune response, including both attacks and suppres-
sion of Th1 cells, but also in their interactions with tumor
cells, which consequently influences the immune micro-
environment [6]. For instance, USP43 modulates the
infiltration of immune cells surrounding pancreatic duc-
tal adenocarcinoma, thereby affecting patient prognosis
[7]. In recent years, USPs have emerged as promising
targets for inhibiting tumor formation and progression,
with more than 40 USPs identified as directly or indi-
rectly involved in tumor development and treatment [8].
This review aims to summarize the impact of USPs on
the immune microenvironment and immune responses
in breast cancer while discussing effective strategies for
combining USP inhibitors with other pharmacological
agents to enhance therapeutic outcomes. Ultimately, this
review seeks to provide new insights for improving breast
cancer treatment.

Immune microenvironment of breast cancer

The immune microenvironment of breast cancer con-
sists of infiltrating cells and their secreted active media-
tors (Fig. 1). Along with the tumour-killing effect
mediated by T lymphocytes in specific antitumour
immune responses, nonspecific immune responses
mediated by NK cells, dendritic cells, myeloid-derived
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suppressor cells (MDSCs), ILs, chemokines, and TNF-«
constitute the first line of defence in antitumour immu-
nity, which helps eliminate tumour cells and inhibits
their proliferation [9, 10]. The lymphocytes involved in
breast cancer immune surveillance include type 1 helper
T cells (Th1), CD8 + cytotoxic T lymphocytes (CTLs), M1
macrophages, N1 neutrophils, and dendritic cells (DCs).
Conversely, M2 macrophages, MDSCs, N2 neutrophils,
and Tregs play a role in negatively regulating the immune
process, inhibiting immune responses, and further pro-
moting the development of tumour cells [11]. Some
USPs play crucial roles in regulating the activation and
function of immune cells, thereby altering the tumour
immune microenvironment and even promoting immune
escape. USP15 is a key regulatory factor in T-cell activa-
tion [12]. USP1 regulates the differentiation of CD4+T
cells and Th17 cells [13]. Ablation of USP5 in CD8+T
cells increases the production of cytokines and cytotoxic
molecules [14]. Exosomal circUSP7 inhibits the secre-
tion of cytokines by CD8+T cells, thereby suppressing
tumour cell growth and leading to immune escape [15].
Some studies suggest that tumour-infiltrating lympho-
cytes (TILs) indicate a favourable prognosis for patients
with breast cancer and can also predict treatment out-
comes [16]. In the immune environment, CD4 + helper T
cells play a positive regulatory role in the antigen presen-
tation process. USP12 activates CD4 + T-cell responses,
which can secrete specific cytokines and activate antigen-
presenting cells [17].

Tumour-associated macrophages (TAMs) and MDSCs

TAMs are mainly divided into M1 and M2 types. In the
tumour microenvironment (TME), M2 macrophages
promote the development of tumours [18]. Breast can-
cer cells can secrete factors that induce macrophages
to undergo M2 polarization. In turn, the cytokines and
growth factors secreted by M2 macrophages regulate
processes such as the proliferation, invasion, migration,
and angiogenesis of tumour cells [19, 20]. M2 macro-
phages also release immunosuppressive factors that can
downregulate the metabolism and function of T cells.
Additionally, M2 macrophages can promote the aggre-
gation of regulatory T cells (Tregs), thereby enhancing
their immunosuppressive function [21, 22]. An increase
in the number of CD163 + M2 macrophages suggests that
breast tumour cells may exhibit increased proliferation
and a low degree of differentiation [23]. In contrast, in
the antitumour immune reaction process, the presence
of more M1 macrophages and CD8 + T cells increases the
quantity of tumour-infiltrating cells, the immune reac-
tion capacity of T-cell subpopulations, and the ability to
disrupt the peripheral tolerance of CD4+ T cells. More-
over, the role of M2 macrophages is opposite to that of
M1 macrophages [24]. Exosome-derived circ-0100519
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induces M2 macrophage polarization and promotes
breast cancer progression via the USP7/NRF2 axis [25].
The expression of USP12 is negatively correlated with
that of tumour-associated macrophages and PD-L1, and
it is also one of the key regulatory factors of CD4+T
cells. In breast cancer, tumour-associated macrophages,
PD-L1, and CD4+T cells are involved in the tumour
immune microenvironment [26]. Therefore, it is specu-
lated that USP12 may also be involved in regulating the
immune microenvironment of breast cancer, but further
research is needed to verify this.

The growth and proliferation of tumours are tightly
related to MDSCs, which play an inhibitory role in
immunotherapy [27]. In breast cancer, cancer cells can
recruit MDSCs, which counteract the antitumour effects
of T cells and B cells in the TME. This further suppresses
antitumour reactions and promotes the formation of a
protumor microenvironment [28]. Like TAMs, MDSCs
produce vascular endothelial growth factor (VEGF), basic
fibroblast growth factor (BFGF), and matrix metallopro-
teinase 9 (MMP9), which contribute to the remodelling

of the TME. Additionally, they can induce immune tol-
erance, thereby promoting breast cancer progression and
metastasis [29]. Some relevant clinical investigations have
shown that the circulating levels of MDSCs influence the
stage of breast cancer [30]. TAMs stimulate the upregula-
tion of IL-10 expression in MDSCs, leading to the down-
regulation of IL-12 secretion in macrophages, creating
a self-perpetuating negative feedback loop that impairs
effector T-cell function [31]. Additionally, MDSCs sup-
port cancer progression by lowering the production of
regulatory T cells (Tregs) and Th17 cells, thereby alter-
ing the tumour-promoting microenvironment to drive
immune evasion [32].

Regulatory cells

In the immune system, Tregs play an inhibitory role and
are involved in the development of tumour immune toler-
ance. Owing to their negative regulation of immunity, the
accumulation of Tregs affects the long-term prognosis
of breast cancer patients and is likely to lead to immune
escape [33, 34]. During the migration of Tregs to the site
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of tumour occurrence, chemokines secreted by breast
cancer cells bind to their surface receptors, where they
participate in regulating this process. Moreover, various
soluble factors released by infiltrating Tregs hinder the
proliferation of effector cells and cytotoxic T cells in the
TME. Hence, they facilitate tumour metastasis and phe-
notypic development [35]. The key regulatory molecule
of Tregs is forehead box protein P3 (Foxp3), which is part
of the forehead/winged helix transcription factor family.
Foxp3 reshapes the TME, maintaining an immunosup-
pressive state and promoting immune escape [36]. USP7
deubiquitination stabilizes Foxp3, thereby enhancing the
immunosuppressive function of Treg cells to promote
tumour growth [37]. USP44 and USP7 have synergistic
effects, and their co-overexpression almost completely
eliminates the polyubiquitination of Foxp3 [38]. USP21
regulates the stability of the Foxp3 protein at the post-
translational modification level [39], and USP22 influ-
ences Treg function by increasing the level of Foxp3 [40].
USP1 promotes the proteasomal degradation of Foxp3
[13]. In the TME, highly expressed Foxp3 in Tregs acts
as a transcriptional activator of CCR4, reducing immune
reactivity against tumours and promoting tumour pro-
gression [36]. In vitro experimental results have shown
that, under the action of this chemokine, tumour-associ-
ated macrophages (TAMs) secrete various chemokines,
including CXCL1, further improving the differentiation
and immunosuppressive ability of Treg cells [41]. Inhib-
iting TAM/CXCL1 activity in the TME has been shown
to significantly suppress immune evasion and migration
in breast cancer by influencing the function of Tregs in
relevant studies [41].

PD-1 and PD-L1

After binding with PD-L1, PD-1 negatively regulates the
immune system, reducing T-cell proliferation, downreg-
ulating cytotoxic activity, and increasing the number of
Tregs in the TME [6]. These mechanisms enable tumours
to evade immune reactions [42]. The immune checkpoint
receptor PD-1 can influence the activity of T cells, thus
regulating the body’s immune suppression process. When
they bind together, they lead to the deubiquitination of
the downstream protein kinases SYK and PI3K, further
restraining the expression of genes necessary for control-
ling T-cell activity and cytokine transcription transla-
tion [43]. Overexpression of PD-L1 inhibits the cytotoxic
capability of T cells, further promoting immune evasion
in tumours [44]. In the TME, PD-L1 is derived primar-
ily from TAMs [18]. Tumour-associated macrophages
can secrete tumour necrosis factor (TNF-«) and interleu-
kin-1 beta (IL-1B). In the presence of these two secreted
factors, the expression of PD-L1 increases [45]. The
expression level of PD-L1 in tumour cells can be achieved
through the activation of the NF-«B signalling pathway
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by TNF-a and IL-1p [46]. USP5 positively regulates the
stability of the PD-1 protein at the posttranslational level
[14]. USP8 regulates the protein stability of PD-L1, affect-
ing the immune escape of tumours [47]. Different types
of regulatory T cells (Tregs) exist in different locations.
One type is thymus-derived Tregs (tTregs), which origi-
nate from the thymus. The other type is peripherally
induced Tregs (pTregs), which develop outside the thy-
mus in peripheral lymphoid tissues and nonlymphoid
tissues and are also known as induced Tregs (iTregs)
[48]. PD-L1 can promote the expansion of pTregs in the
TME, thereby suppressing the response of T cells to can-
cer [49]. Research indicates that the PD-L1 pathway can
increase the degree of differentiation of peripheral Tregs
(pTregs) [49]. IFN-y has the strongest ability to increase
PD-L1 expression [50]. The secretion of IFN-y can also
be regulated by pathways related to tumour-associated
macrophages [27].

Ubiquitin-specific protease family

Ubiquitination is a reversible posttranslational modifi-
cation process that involves the adhesion of ubiquitin
molecules to proteins of interest. This process forms an
isopeptide bond between the C-terminal carboxyl group
of ubiquitin and the lysine amino group of the target pro-
tein, facilitated by the E1 (ubiquitin-activating enzyme),
E2 (ubiquitin-conjugating enzyme), and E3 (ubiquitin
ligase) enzyme families. Ubiquitination is critical for
various physiological processes, such as protein degrada-
tion, DNA damage and repair, the cell cycle, and immune
reactions [51]. The deubiquitination process, which is
mediated by deubiquitinating enzymes, is a protein mod-
ification that ensures the normal progression of physi-
ological processes. USPs constitute the maximal subclass
of deubiquitinating enzymes, and more than 80% of pro-
tein degradation processes in eukaryotic cells require
the involvement of USPs. All USPs share a USP domain
consisting of three subdomains resembling a right-hand
thumb, palm, and fingers. The finger subdomain inter-
acts with the distal ubiquitin molecule, whereas the palm
and thumb subdomains catalyse the interaction between
the palm and thumb subdomains. Overall, ubiquitination
and deubiquitination processes and enzymes play essen-
tial roles in regulating cellular functions (Fig. 2). Dysreg-
ulation of these segments can lead to tumour occurrence
and progression.

Ubiquitin-specific proteases in the breast cancer
immune microenvironment

USsP7

USP7 is a cysteine protease consisting of 1102 amino acid
residues. USP7 contains multiple domains, including an
N-terminal domain rich in polyglutamine, that have the
ability to bind to various proteins. It also has a catalytic
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Fig. 2 The structure of ubiquitin proteases and the ubiquitination modification process

domain with fingers, thumbs, and finger base motifs,
which are involved in its enzymatic activity as a prote-
ase. Additionally, USP7 possesses a C-terminal ubiqui-
tin-like (UBL) domain. USP7 is involved in key growth
and homeostatic processes, such as cell lifecycle regula-
tion, localization, immune reactions, transcription factor
activity, and epigenetic activity [52].

The growth of regulatory T (Treg) cells cannot occur
without stable expression of Foxp3 [40]. USP7 is a
nucleus-localized deubiquitinase that interacts with
Foxp3 and exhibits activity in both nTreg and iTreg cells,
leading to the deubiquitination of Foxp3. USP7 expres-
sion is upregulated in Treg cells, and USP7 deubiquiti-
nates Treg cells by interacting with Foxp3, leading to an
increase in the quantity of the Foxp3 protein. Knock-
down of USP7 in Treg cells results in reduced Foxp3
protein levels and weakens the ability of Treg cells to sup-
press effector T cells [53]. Research indicates that USP7-
mediated deubiquitination stabilizes Foxp3 and Tip60,
enhancing the immunosuppressive influence of Treg cells
to accelerate tumour growth [37]. Furthermore, exosomal
circ-0100519 induces M2 macrophage polarization and

promotes breast cancer progression through the USP7/
NRF2 axis [25].

USP8
The microtubule interacting and trafficking (MIT)
domain, the rhodanese-like domain (Rhod), the SH3
binding motif (SBM), the 14-3-3 binding motif (14-3-
3BM), and the deubiquitin acid catalytic domain (DUB)
collectively constitute USP8. Ubiquitin molecules on tar-
get proteins are removed by deubiquitinating domains
through deubiquitination [54]. USP8 modulates the
T-cell receptor (TCR) signalling complex and participates
in the regulation of immune processes, mainly exerting
its crucial role in adjusting endocytosis and protein trans-
port by regulating deubiquitination activity in the endo-
somal sorting complex required for transport (ESCRT)
[47]. Overexpression or functional mutation of USP8 can
support the regulatory function of T cells but inhibits the
effect of CD8+ T cells, contributing to tumour progres-
sion and immune escape [55].

USP8 activates the TGF-B/SMAD signaling pathway,
which can EMT, tumor cell diffusion, and metastasis.
USP8 further enhances these TGF-f/SMAD-induced
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processes. Inhibiting USP8 impairs TGF-B/SMAD sig-
nal transduction, leading to reduced stability of the f
receptor II (BRII) and a decreased quantity of TPRII + cir-
culating extracellular vesicles (crEVs), which in turn
diminishes CD8+ T-cell exhaustion and reinstates anti-
tumor responses [56]. Additionally, USP8 plays a role
in protein degradation, maintaining the stability of
programmed death-ligand 1 (PD-L1) and influencing
immune evasion in cancers [57]. Tumor necrosis fac-
tor receptor-associated factor 6 (TRAF6) acts as a dual
regulator of immune cell signaling, significantly influ-
encing the progression, function, and pathogenesis of
the immune microenvironment. Furthermore, TRAF6
functions as a RING finger domain E3 ubiquitin ligase.
Upon recognizing PD-L1, USP8 regulates its degrada-
tion by removing ubiquitin substrates attached via K63
linkages. Inhibition of USP8 predominantly counteracts
K48-linked ubiquitination and PD-L1 degradation by
enhancing TRAF6-mediated K63-linked ubiquitination,
thereby increasing PD-L1 levels [47]. Moreover, USP8
inhibition triggers innate immune responses by activat-
ing TRAF6-NF-«B signaling, interferon type I signaling,
and MHC-I expression, potentially mitigating the adverse
effects of PD-L1 and shaping TME. The transcription
factor FOXO1 promotes thymocyte maturation and
enhances the expression of genes encoded by the cyto-
kine receptor IL-7Ra, with USP8 being crucial for this
process. USP8 also facilitates normal T-cell homeostasis
by increasing IL-7R release mediated by FOXO1, which is
essential for T-cell receptor (TCR) activation [58].

USP12

USP12, located on chromosome 13q12.13, is a micro-
molecular protein comprising 370 amino acid residues.
Notably, the external rim of the finger domain of USP12
features a unique helical structure referred to as the
“little finger”, which is distinct from typical USP struc-
tures as it is separated from the other finger domains.
This characteristic suggests that the finger domain of
USP12 possesses considerable structural flexibility [59].
Research has demonstrated that USP12 plays a critical
role in reprogramming the tumor microenvironment.
NF-«B is involved in regulating genes associated with
T-cell survival, proliferation, and effector functions,
as well as in the transcription of T-cell receptor (TCR)
channels. USP12 primarily modulates the activation and
phenotype of T cells by regulating B-cell lymphoma 10
(BCL10). Specifically, USP12 deubiquitinates BCL10,
maintaining its stability and activating the NF-«xB path-
way to stimulate CD4 + T-cell responses. Additionally, the
BCL10-mediated NF-kB signaling pathway restricts cell
activation, proliferation, and the production of down-
stream cytokines such as interferon-gamma (IFN-y) and
tumor necrosis factor-alpha (TNF-a). USP12 regulates
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this process through its interaction with BCL10. Fur-
thermore, USP12 exerts a positive regulatory effect
within cells and modulates T-helper 1 (Thl) and Thl7
cells through intrinsic mechanisms [17]. The substrate of
USP12, protein phosphatase magnesium-dependent 1B
(PPM1B), acts as a phosphatase for IkB kinase p (IKKp);
thus, downregulation of USP12 can accelerate PPM1B
ubiquitination and degradation, promoting NF-«kB acti-
vation and influencing the immune microenvironment.
Additionally, USP12 regulates chemokine production
by inhibiting NF-kB signaling activity [60]. Chemokines
CXCL1 and CXCLS, regulated by USP12, share the
receptor CXCR2, which serves as a potent chemoat-
tractant for recruiting tumor-associated macrophages
(TAMs) and myeloid-derived suppressor cells (MDSCs).
Moreover, chemokine CCL2 facilitates the recruitment
and polarization of tumor-infiltrating myeloid cells, a
process also downregulated by USP12. Overexpression
of USP12 inhibits tumor growth and alters TME compo-
nents, while CXCL1 and CCL2 can mitigate this effect.
The PI3BK-AKT-mTOR pathway can elevate PD-L1 lev-
els in tumor cells; however, its overactivation leads to
decreased USP12 expression. Consequently, silencing
USP12 results in increased PD-L1 expression in tumor
cells [61]. Research indicates that USP12 is a positive
regulator of mononuclear MDSCs. The absence of USP12
reduces the infiltration of mononuclear (M)-MDSCs and
impairs their suppressive function, leading to enhanced
CD8 + T-cell responses and reduced tumor growth [60].

USP15

The catalytic domain of USP15 is a typical USP fold with
an additional N-terminal DUSP domain and a ubiquitin-
like (UBL) domain. The catalytic domain includes the
finger, palm, and thumb regions. The DUSP domain is a
tripod-like structure similar to AB3, composed of a bun-
dle formed by three a-helices that support three strands
of antiparallel B-sheets. It consists of approximately 90
amino acid residues. Moreover, the UBL domain is made
up of approximately 80 residues, forming a p-grasp fold
[62].

Ten-eleven translocation (TET) enzymes are dioxy-
genases that depend on a-ketoglutarate (a-KG) and iron
(Fe**) for their catalytic activity. TET2, a member of
the TET family, plays a crucial role in regulating DNA
demethylation. USP15 acts as a deubiquitinase inhibi-
tor of TET2, with K1299 identified as the primary site
for TET2 monoubiquitination. This positions USP15
as the principal deubiquitinase for TET2 at the K1299
site. Among the substrates of USP12, IkBa and TRIM25,
which are E3 ligases, directly participate in immune
responses and interferon (IFN) signaling pathways, thus
underscoring the significance of USP15 in innate immu-
nity and inflammatory reactions. Furthermore, TET2 has
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been shown to promote the production of chemokines
in response to IFN-y, highlighting the intricate interplay
among these molecules within the immune system [63].
USP15 also regulates tumor immunity-related pathways,
including the TGF-P signaling pathway [64]. It stabi-
lizes the TGF-P receptor and the downstream signaling
molecule R-SMAD, thereby enhancing TGF-p activity.
Additionally, USP15 can deubiquitinate the E3 ligase
SMURE2. By restraining the interaction between TGE-
B-activated kinase 1 (TAK1) and its binding proteins
TAB2 and TAB3, USP15 increases the stability and acti-
vation of TGF-P and its downstream pathways, leading
to enhanced NF-«B activation [65]. NF-kB regulation
involves numerous genes implicated in innate and adap-
tive immune responses, with key downstream signaling
steps including the hydrolysis of IkBa protein and NF-kB
nuclear translocation, processes that are negatively reg-
ulated by USP15 via K48-linked ubiquitination of IkBa.
Targeting USP15 can induce apoptosis in tumor cells
while enhancing anti-tumor T-cell responses. Through its
deubiquitinase function, USP15 stabilizes MDM2, medi-
ates the ubiquitin-dependent degradation of NFATc2,
restrains T-cell viability, and negatively regulates the pro-
duction of T-cell cytokines [66]. Additionally, USP15 can
promote T-cell activation [6]. Moreover, USP15 plays an
intrinsic role in regulating T-cell function in response to
the MCA and primary tumor formation. A deficiency
in USP15 contributes to increased IFN-y production
and the formation of an immunosuppressive environ-
ment. VGLL4 inhibits PD-L1 transcription by suppress-
ing STAT3 activation, which enhances the efficacy of
anti-PD-L1 antibody immunotherapy for triple-negative
breast cancer. As a deubiquitinase of VGLL4, USP15
is involved in the regulation of PD-1 through VGLL4.
Deficiency in USP15 leads to the overactivation of IFN-
y-producing T cells, ultimately resulting in the upregula-
tion of PD-L1 and CXCL12 expression and increasing the
recruitment of regulatory T cells (Tregs) and myeloid-
derived suppressor cells (MDSCs), which further con-
tributes to the development of an immunosuppressive
environment [67].

USP21/22

Compared with most DUBs, USP21 has a relatively sim-
ple structure composed of only one N-terminal zinc fin-
ger and one C-terminal catalytic domain. The N-terminal
region of USP21 is inherently disordered [68]. Unlike
other deubiquitinating enzymes, the N-terminal zinc fin-
ger of USP22 lacks a ubiquitin tail-binding pocket; thus,
it does not directly interact with ubiquitin. It interacts
with components of the Spt-Ada-Gcn5-acetyltransferase
(SAGA) complex, including SAGA-associated factor 73
(ATXN7/Sgf73), ATXN7L3/Sgf11, and ENY2/transcrip-
tional coactivator and sugar isomerase 1 (ENY2/Susl),
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forming a closely binding tetrameric deubiquitinase
module within the SAGA complex (DUBm) that deubiq-
uitinates target proteins [69].

USP22 closely participates in cellular processes
related to tumour development, such as cell multiplica-
tion, apoptosis, diffusion, metastasis, and the immune
response [70]. USP22 regulates the occurrence, growth,
and phenotypic modulation of T cells and B cells in nor-
mal tissues and can also alter the immune microenviron-
ment in tumour tissues. USP21 is the most overexpressed
deubiquitinase in triple-negative breast cancer and
maintains the stability of the Foxp3 protein after trans-
lation. Regulatory T cells (Tregs) primarily exert immu-
nosuppressive effects on the immune system through
the expression of Foxp3. USP22 influences Treg function
by increasing Foxp3 levels [40]. Lack of USP22 reduces
Foxp3 stability, impairing the suppressive function of
Tregs and reducing their ability to inhibit cytotoxic
CD8+T cells. Foxp3 acts as a significant target of USP21
in Treg cells. USP21 stabilizes Foxp3 through deubiqui-
tination, preventing exhaustion of the Foxp3 protein in
Treg cells [39]. NFATc2 is a regulatory molecule in T-cell
activation, and USP22 promotes interleukin-2 expres-
sion in T cells by deubiquitinating and maintaining the
stability of NFATc2. These findings indicate that, in the
control of the T-cell immune reaction, USP22 is a posi-
tive regulator of NFATc2 [71]. USP22 also has an impact
on the TME, leading to an obvious reduction in MDSCs,
thereby promoting the infiltration of T cells and NK cells.
Moreover, USP22 depletion enhances T-cell-mediated
cytotoxicity; therefore, the levels of USP22 induce resis-
tance to immune medications [72]. Therefore, USP22
may also be involved in regulating the immune microen-
vironment in breast cancer.

The PD-1 (CD279)/PD-L1 (CD274) axis is known as an
“adaptive immune mechanism” that evades antitumour
responses and is one of the main targets of cancer immu-
notherapy. Overexpressing Prdml inhibits the tumour
immune-related response by increasing PD-L1 levels.
Research indicates that the PRDM1-USP22-SPI1 axis is
involved in the regulation of PD-L1 expression through
the mechanism whereby SPI1 acts as a downstream effec-
tor of PRDM]1, directly binds to the PD-L1 promoter,
enhances its expression, and ultimately leads to the
depletion of infiltrating cells [73]. USP22 deubiquitinates
SPI1 and enhances its stability, thereby regulating PD-L1
expression. USP22 can also stabilize CD274 in a CDK4-
independent manner. By modulating the stability of the
CD274 protein by its deubiquitinase activity, USP22 pre-
vents the proteasomal degradation of CD274 [74]. Fur-
thermore, when the PD-L1 protein is depleted, USP22
deubiquitinates CSN5 and controls the level of PD-L1
protein through the USP22-CSN5-PD-L1 axis, thereby
strengthening antitumour immune reactions [75]. The
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overexpression of USP21 significantly increases PD-L1
abundance, whereas its knockdown induces PD-L1 deg-
radation [76].

USP44

The USP44 gene is located on human chromosome 12
and consists of ZnF-UBP and USP domains. Its open
reading frame (ORF) spans 2139 base pairs and encodes
712 amino acids. The catalytic domain of USP44 includes
a Cys box, an Asp motif, and a His box, resembling those
present in other family members, each bearing highly
conserved cysteine, aspartate, and histidine residues,
respectively. Moreover, it contains a centrally positioned,
extensively conserved protein-binding domain closely
linked to the subcellular localization of USP44 and its
preventive role in chromosomal lagging [77].

As mentioned earlier, the growth and immune homeo-
stasis of Tregs are inseparable from the regulation of
Foxp3, and USP44 can interact with Foxp3. USP44 binds
to Foxp3 through a ZF-proline-rich domain, and knock-
ing down USP44 decreases Foxp3 expression, disrupting
the Treg gene expression pattern (inhibiting IL-2 expres-
sion) [78]. In addition, both USP44 and USP7 expression
reduce the ubiquitination of Foxp3, and there is a syner-
gistic effect between these two deubiquitinating enzymes
(DUBs) [38]. When coexpressed, these proteins almost
completely eliminate the polyubiquitination of Foxp3.
Research indicates that USP44 directly interacts with
the Hedgehog signalling pathway and can interact with
the E3 ligase Itch, stabilizing it through deubiquitina-
tion. This leads to proteasome degradation of Glil and
subsequent decreased activity of the Hedgehog pathway,
ultimately inhibiting PD-L1 expression and the devel-
opment of hepatocellular carcinoma [38]. However, no
related reports exist in breast cancer. Therefore, in breast
carcinoma, USP44 may also promote the development of
breast carcinoma through its involvement in Hedgehog
signalling and affect breast cancer immunity by inhibit-
ing PD-L1 expression. This issue still requires further
research for verification.

USP9X
USP9X is located on chromosome Xpl1. 4 and is com-
posed of several structural domains, including a ubiqui-
tin-like (UBL) domain, a catalytic domain with a specific
cysteine residue and histidine box motifs. The catalytic
domain of USP9X contains a finger subdomain that
includes zinc finger motifs and three ubiquitin binding
sites, along with a B-erfhin insertion. This domain helps
in processing and cleaving polyubiquitin chains linked
via Lysll, Lys63, Lys48, and Lys6, enabling proteins to
perform various cellular functions [79].

The T-cell receptor (TCR) signalling cascade com-
prises a diverse array of proteins and molecules crucial
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for transmitting TCR signals during antigen recognition.
These include TCR complexes, CD3 complexes, { chains,
key protein kinases such as Lck, ZAP-70, and MAP
kinases, adaptors such as LAT (T-cell activating con-
nexin) and SLP-76, and transcription factors [80]. Effec-
tive T-cell activation occurs only when these constituents
function cohesively to prevent spontaneous activation.
USP9X enhances TCR-dependent phosphorylation, cat-
alytic viability, and binding to the LAT signalling com-
plex, facilitating ZAP70 deubiquitination and initiating
T-cell activation [81]. The survival of B cells relies on
the B-cell receptor (BCR) and NF-«xB, with PKCp kinase
exerting a positive regulatory influence on the BCR and
NEF-kB. Additionally, USP9X can modulate PKC kinase
activity. As a deubiquitinating enzyme for Bcl10, USP9X
controls the formation of CBM complexes elicited by
activated TCRs. These CBM complexes, comprising
CARMAL1 (CARD11), Bcll0, and MALT1, represent a
central signalling hub within the NF-«B activation path-
way. Consequently, USP9X can significantly influence the
NE-kB signalling pathway, thereby crucially affecting T
lymphocyte activation. Knockdown of USP9X markedly
diminishes CARMA1 phosphorylation levels, resulting
in decreased CBM complex formation and reduced cell
dependency on NF-«B for survival [82].

The Notch pathway is activated in TNBC [83]. Pro-
inflammatory cytokines and tumour-associated mac-
rophages are further secreted and recruited into the
tumour microenvironment when this pathway is acti-
vated [84—86]. Knockdown of USP9X does not activate
the Notch pathway, resulting in a decrease in the secre-
tion of the proinflammatory cytokines C-C motif che-
mobkine ligand 2 (CCL2) and interleukin-1p (IL-1pB) [87].
CCL2 and IL-1p are predictive factors of poor prognosis
in breast carcinoma patients and play a significant role in
the recruitment of the immune environment. TAMs can
promote tumour angiogenesis, improve the migration
and invasion of breast cancer cells, and suppress the cyto-
toxicity of T lymphocytes (CTLs). Finally, they lead to the
progression of cancer. After Notch deactivation, there
can be a reduction in the production of proinflammatory
cytokines, resulting in an immunogenic tumour pheno-
type. The immunosuppressive tumour phenotype ulti-
mately leads to reduced tumour growth. Blocking USP9X
using genetic or pharmacological methods can result
in Notch inactivation, which positively regulates the
immune response in this context. Additionally, USP9X
promotes antigen receptor signalling processes in T and
B lymphocytes and is essential for regulating immune
memory to achieve long-lasting immune responses [87].
USP9X regulates the antigen-specific clonal expansion of
CD4+T cells and promotes their survival. Both of these
processes are inseparable from the formation and devel-
opment of immune memory [81](Table 1).
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Fig. 3 Ubiquitin-specific proteases affect various cells in the tumour Microenvironment USP12, USP7, USP8, USP15, USP21, USP22, USP44 and USP9X
promote PD-L1 expression, whereas USP5 promotes the expression of both PD-L1 and PD-1. USP7, USP44, and USP21 positively regulate Tregs, and USP15
promotes the recruitment of Tregs and macrophages and inhibits INF-y T cells. In T cells, USP8, USP12, USP15, and USP9X play positive regulatory roles,
with USP12 positively regulating CD4 +T cells and USP8 negatively regulating CD8 +T cells. USP22 promotes macrophages but inhibits natural killer cells
and T cells. Additionally, USP9X positively regulates T lymphocytes and B lymphocytes

The application and prospects of immunotherapy
in breast cancer

The current principal strategies for cancer immunother-
apy include immune checkpoint inhibitors, tumor vac-
cines, and immune cell therapies. Research indicates that
the attenuated poliovirus vaccine may represent a poten-
tial therapeutic approach for breast cancer [88], while
modifications to the oncolytic virus genome, along with
the insertion of requisite transgenes, offer promising ave-
nues for the treatment of pancreatic cancer [89]. Among
these, immune checkpoint inhibitors constitute a piv-
otal area of exploration in breast cancer immunotherapy.
Nonetheless, owing to weak immunogenicity in breast
cancer, monotherapy with immunotherapy is ineffec-
tive, thus emphasizing the necessity of employing com-
bination therapy to enhance treatment outcomes. USPs

regulate various aspects of immune function, including
congenital immunity and inflammatory responses, and
affect the signalling processes of immune cells. They are
important immune influential factors. Several studies
have indicated the involvement of specific USPs in the
immune regulation of breast cancer, potentially impact-
ing the level of PD-1/PD-L1, thereby leading to immune
evasion. Consequently, the utilization of USP inhibitors
presents an opportunity to increase the efficacy of immu-
notherapy. At present, a number of ubiquitin-specific
protease inhibitors have been shown to be effective in the
treatment of breast cancer and display synergistic effects
in conjunction with immune checkpoint inhibitors. For
example, inhibitors of USP1, such as trifluridine, rot-
tlerin, and ML323, have demonstrated significant effects.
Trifluridine impedes the growth and brain metastasis of
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TNBC cancer tumours by inducing GO/G1 arrest and
apoptosis [90]. Rottlerin prompts autophagy, culminat-
ing in the apoptosis of breast tumour stem cells, and
might also have antiangiogenic effects on breast tumour
cells [91, 92]. For breast cancer patients who already have
metastases, the mechanism by which the USP7 inhibitor
costoglulactone inhibits breast cancer involves target-
ing the regulation of the cell cycle, thereby inducing the
occurrence of apoptosis in breast tumour cells [93], and
dehydrolactones work synergistically with it [6]. Addi-
tionally, the USP14 inhibitor auranofin exhibits syner-
gistic effects in the treatment of triple-negative breast
cancer when combined with vitamin C or anti-PD-L1
antibodies. Furthermore, it holds potential for combina-
tion therapy with crizotinib in breast cancer treatment
[94]. Additionally, the USP14 inhibitor auranofin has syn-
ergistic effects in treating triple-negative breast cancer
when it is used in combination with vitamin C or with
anti-PD-L1 antibodies. Furthermore, it has potential
for combined utilization with crizotinib for breast can-
cer treatment [94]. USP14 inhibition sensitizes BRCA1-
mutant and PARP inhibitor-resistant TNBC cells to
poly(ADP-ribose) glycohydrolase (PARG) inhibitors [95].
USPS8 inhibitors can upregulate the expression of PD-L1,
triggering immune responses and antigen presentation.
Therefore, their combination with immune checkpoint
inhibitors can reduce the growth of tumour cells.

While this review highlights the significant role of USPs
in breast cancer progression and immune modulation,
several limitations warrant consideration. Firstly, the
existing literature primarily focuses on a limited num-
ber of USPs, which may overlook the potential roles of
lesser-studied USPs in breast cancer. Additionally, many
of the studies discussed are preclinical, and therefore, the
translation of these findings into clinical practice requires
further validation through clinical trials.Moreover, our
understanding of the precise mechanisms by which
USPs influence the immune microenvironment remains
incomplete. Future research should aim to elucidate the
specific pathways involved in USP-mediated regulation of
immune responses and tumor biology. Investigating the
crosstalk between USPs and various immune cells within
the tumor microenvironment could provide deeper
insights into their roles in immune evasion and resistance
to therapies.

Conclusion

This review highlights the significant role of USPs in the
immune microenvironment and immune responses asso-
ciated with breast cancer. As a focal point in the regula-
tion of immune cell functions, USPs contribute to crucial
processes such as antigen processing, T cell develop-
ment, and the differentiation of immune cells, including
myeloid-derived suppressor cells and regulatory T cells.
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Their influence extends to critical factors like PD-L1
expression, ultimately impacting the efficacy of immune
checkpoint inhibitors. The differential expression of USPs
is closely linked to immune evasion and treatment resis-
tance, indicating their dual role as facilitators of tumor
progression and obstacles to effective therapy. Further
exploration of the regulation of USPs in the immune
microenvironment of breast cancer is needed, which can
offer a theoretical foundation for the clinical application
of USP inhibitors.

Given the complexities of breast cancer treatment in
the era of precision medicine, targeting USPs emerges
as a promising strategy to enhance the effectiveness of
immunotherapy. By combining USP inhibitors with tra-
ditional and novel therapeutic agents, it may be possible
to improve patient outcomes and mitigate resistance
mechanisms. Therefore, further clinical investigation into
the modulation of USPs may pave the way for innova-
tive treatment approaches that better address the chal-
lenges inherent in breast cancer therapy, offering hope
for improved survival and quality of life for affected
individuals.
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