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Abstract 

Background:  Tolerogenic dendritic cells (toDCs) are critical for maintaining immune 
homeostasis and preventing autoimmune disease development, such as type 1 
diabetes (T1D). We have previously shown that DCs of non-obese diabetic (NOD) 
mice expressing active Stat5b (Stat5b-CA.DCs) acquire toDCs signature and protect 
against diabetes. However, the mechanisms involved in reprogramming DCs to adopt 
tolerogenic or immunogenic signatures are not fully known. This study investigates 
for the first time the role of USP7 in DC-mediated immune regulation in T1D using 
a transgenic NOD mouse model expressing an active form of Stat5b (NOD.Stat5b-CA).

Methods:  Splenic DCs were purified from diabetes-prone NOD mice and diabetes-
resistant NOD.Stat5b-CA transgenic mice and their tolerogenic and immunogenic 
phenotypes were analyzed by FACS. Their pro-and anti-inflammatory cytokine patterns, 
IRF4, IRF8, de-ubiquitin ligase USP7, and methyltransferase Ezh2 expression were 
assessed by FACS and Western blot. Moreover, the impact of USP7 inhibition in DCs 
on Th1/Th2/Th17 and Treg and diabetes onset was assessed using an in vivo DC-based 
transfer model.

Results:  In this study, we found that splenic Stat5b-CA.DCs expressed high levels 
of USP7, Ezh2, and PD-L-1/2 and contained a higher proportion of tolerogenic 
conventional DC2 (cDC2) subsets than immunogenic cDC1 compared to NOD mice 
DCs. We also found that the USP7 blockade increased Stat5b-CA.DCs maturation 
and proinflammatory cytokines production while decreasing anti-inflammatory 
cytokines and PD-L1 and PD-L2 expressions. Mechanistically, USP7 blockade 
in Stat5-CA.DCs promoted cDC1 over cDC2 subsets by increasing IRF8 expression 
in an Ezh2-dependent manner and decreasing IRF4 expression independently of Ezh2. 
USP7 blockade also increased Stat5b-CA.DC capacity to promote Th17 and to restrain 
Th2 and Treg cells. Importantly, the capacity of Stat5b-CA.DCs to protect NOD mice 
from diabetes were lost when treated with USP7 inhibitor.

Conclusions:  Our findings underscore the role of the USP7/Ezh2 axis in maintaining 
tolerogenic DC functions that are required to tailor adaptive immune response 
and diabetes protection in NOD mice.
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Graphical abstract

Introduction
Type 1 diabetes (T1D), a chronic autoimmune disease, results from lymphocyte-
mediated destruction of islet-specific β-cells leading to insulin shortage and 
hyperglycemia [1]. Studies in T1D patients and non-obese diabetic (NOD) mice, 
an animal model that mirrors many features of human T1D, have shown that CD4+ 
and CD8+ T cells play an important role in β-cell destruction, and that islet-specific 
autoreactive CD8+ T cells are the ultimate effector in β-cell attack [2]. Besides T 
lymphocytes, antigen-presenting cells (APCs) such as dendritic cells (DCs) have also 
been found among immune cells infiltrating the islets and are described as major 
immunoregulators of the adaptive autoimmune response in T1D and many other 
autoimmune diseases [3–5]. Since, under normal conditions, targeted pancreatic 
β-cells do not express MHC II but express low levels of MHC I molecules, the 
pathogenic autoreactive T cell activation and effector function are more likely to 
result from contact with β-cell antigens on APCs such as DCs.

DCs are professional APCs that play an important role in directing T-cell 
immune responses and are among the first APCs homing to islets and constitute 
the major APCs of islet infiltrates that trigger primary T-cell responses to β-cell 
antigens [6]. T-cell activation status is facilitated by DC phenotypic and functional 
changes in response to inflammatory signals, like pathogen-associated molecular 
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patterns (PAMPs) and damage-associated molecular patterns (DAMPs). Under the 
inflammatory condition, DCs upregulate surface co-stimulatory markers (CD80 
and CD86), express high levels of MHC molecules, augment chemokine receptors 
(e.g., CCR7) expression to facilitate their migration to the lymph node, and secrete 
inflammatory cytokines such as IL-12 [7]. Depending on the type of the inflammatory 
or anti-inflammatory signal and the transcriptional factors involved in the 
signaling pathway, DCs acquire the properties of immunogenic or tolerogenic DCs. 
Tolerogenic DCs are shown to serve as mediators of immune tolerance to prevent the 
development of autoimmunity [8]. They utilize several mechanisms to establish and 
sustain peripheral immune tolerance, including T cell anergy induction, promoting 
regulatory T cells (Tregs) differentiation, and reducing or depleting effector T cells. 
Although the precise mechanism leading to the breakdown of islet antigen tolerance 
is not fully understood, the fact that DCs are among the first immune cells homing 
to the NOD pancreatic islets suggests that they play a crucial role in the initiation 
of the islet inflammatory autoimmune response [9]. Several studies have revealed 
numerous DC phenotypic and functional abnormalities in T1D in NOD mice, such 
as expressing high levels of costimulatory molecules and producing large amounts 
of proinflammatory cytokines [10, 11]. In addition, DC depletion completely 
prevented the onset of islet inflammation (insulitis) and diabetes in the NOD mice 
[12]. To overcome the abnormalities of DCs that are the major contributors to 
the development of autoimmune responses leading to diabetes in NOD mice, we 
engineered a transgenic mouse model called NOD.Stat5b-CA mice in which DCs 
express an active form of Stat5b transcription factor (Stat5b-CA.DCs) [13]. We found 
that Stat5b-CA.DCs exhibited the characteristics of tolerogenic DCs and these mice 
were fully protected against diabetes. Furthermore, we observed that Stat5b-CA.
DCs led to the induction of autoimmune tolerance by enhancing the number and 
suppressive activity of Tregs, as well as promoting CD4+ T cell differentiation towards 
Th2 and Tc2 immune responses [13]. These tolerogenic properties of splenic DCs 
were also acquired when DCs were derived from bone marrow precursors of NOD.
Stat5b-CA mice [14].

DC progenitors arise from bone marrow precursors, circulate in the blood for a few 
days, and then migrate into the tissues, where they mature into various DC subsets. 
In lymphoid organs and non-lymphoid tissues of mice, conventional DCs (cDCs) can 
be largely classified as cDC1 and cDC2 subsets. cDC1, considered as immunogenic 
DCs, can be distinguished by the expression of CD8α+/XCR1+/CD11b− and their 
generation is dependent on the expression of transcription factors IRF8 and BATF3 
[15]. cDC1 function resides in their capacity to execute strong cross-presentation of 
viral antigens, a phenomenon related to chemokine receptor XCR1 expression that 
results in effective priming of CD8+ T cells [16]. They can also recognize intracellular 
pathogens and induce type 1 immune responses, such as the induction of the Th1 
response, ILC1, and NK cell activation [17]. On the other hand, the cDC2 subset, also 
known as tolerogenic DCs, represents the major subpopulation of DCs in blood and 
is identified by the expression of CD4+/CD11b+/SIRPα+ [15]. Their differentiation 
involves mainly a transcriptional factor IRF4, but other TFs are also required [14]. 
cDC2 s have been shown to induce Th1, Th2, and Th17 responses [18, 19]. They 
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are also effective inducers of Tregs [20]. However, how immunogenic (cDC1) and 
tolerogenic (cDC2) DC differentiation and function are regulated is far from being 
fully understood.

Ubiquitin-specific proteases (USPs) are the largest subfamilies of deubiquitinases 
(DUBs), of which USP7, also named herpes-associated ubiquitin-specific protease 
(HAUSP), is one of the most prominent and well-characterized DUB members [21]. 
Since its discovery, several lines of evidence have shown that the deubiquitylating 
enzyme USP7 regulates various physiological processes and interacts with numerous 
cellular pathways. USP7 has attracted considerable interest as an anticancer target as 
demonstrated by its major role in tumorigenesis, cancer metastasis, and promoting 
cancer cell proliferation by stabilizing the Ki-67 protein [22, 23]. USP7 is also implicated 
in other cancer-related targets, including PTEN, N-Myc, p53, PHF8, TRIP12, and 
ASXL1 [24, 25], thereby regulating different critical biological processes such as 
epigenetic regulation [26], DNA damage repair [27], neuronal dendritic growth [28] and 
immune responses [29]. Notably, USP7 stabilizes the expression of a master regulator 
of Tregs FOXP3 as well as other Tregs transcriptional factors such as Tip60, p300, and 
DNMT1 as well as TGF-β, which are essential for Tregs differentiation, development, 
and stabilization [26, 30, 31]. Tregs play a central role in the regulation or suppression of 
immune responses to infectious pathogens and malignancies, as well as to self-antigens, 
allergens, and commensal microbiota [32]. More recently, it was shown that USP7 is 
involved in regulating plasmacytoid DCs (pDCs) phenotype and function in multiple 
myeloma (MM) [33]. However, the contribution and the role of USP7 in tolerogenic DCs 
and in type 1 conventional DCs (cDC1) and type 2 conventional DCs (cDC2) phenotype 
and function have not yet been investigated.

In this study, we report the first experimental evidence that tolerogenic splenic 
Stat5b-CA.DCs express high levels of ubiquitin protease USP7, Ezh2, and PD-L-1/2 and 
contain a higher proportion of cDC2 than the cDC1 subset compared to splenic DCs of 
NOD mice. We also found that the inhibition of USP7 resulted in tolerogenic Stat5b-CA.
DCs activation/maturation, less expression of PD-L1/2, and reprogramming them to 
produce more proinflammatory but less anti-inflammatory cytokines. Notably, USP7 
and Ezh2 inhibition restrained the tolerogenic cDC2 population by downregulating 
IRF4 expression in an Ezh2-independent manner while promoting the immunogenic 
cDC1 population by upregulating IRF8 expression in an Ezh2-dependent manner. We 
further demonstrated that the adoptive transfer of USP7 inhibitor-treated DCs into 
prediabetic NOD mice reduced the populations of Tregs and Th2 cells and their IL-4 
and IL-10 anti-inflammatory cytokine production while fostering the function of Th17 
cells by upregulating the production of IL-17 cytokine. Moreover, blockage of USP7 
in tolerogenic Stat5b-CA.DCs abrogated their capacity to protect NOD mice from 
developing diabetes.

Materials and methods
Mice

The transgenic NOD.Stat5b-CA mice have been generated in our laboratory as we 
described previously [13]. NOD mice were from the Jackson Laboratory (Bar Harbor, 
ME, USA). All animal care and experimental procedures complied with the standards 



Page 5 of 24Khan et al. Cellular & Molecular Biology Letters           (2025) 30:47 	

outlined in protocol number 2022–3652 and adhered to the University of Sherbrooke’s 
institutional animal care guidelines, as well as the Canadian Council on Animal Care 
(CCAC) standards. The mice were housed under specific pathogen-free conditions with 
unrestricted access to food and water. Gender and age-matched animals were used.

Dendritic cell preparation and treatment

Splenic DCs were purified using a commercial DC purification kit (cat#130-125-835, 
Miltenyi Biotec, San Diego, CA, USA). Briefly, spleens were isolated from NOD and 
NOD.Stat5b-CA mice, digested with collagenase-D (1.5 mg/mL) at 37 °C for 40 min, 
and single-cell suspension was prepared following the manufacturer’s instructions. The 
splenic cells were then incubated with CD11c Microbeads and maintained at 4 °C in the 
dark for a duration of 10 min. Following incubation, DCs were washed with phosphate-
buffered saline (PBS) containing 0.5% bovine serum albumin (BSA) and EDTA (2 mM). 
Subsequently, the samples were processed through a magnetic separation column 
to isolate magnetically labeled cells. Finally, the yield of CD11c+ cells was assessed 
by flow cytometry for DC purity. In all experiments, the purity of the cell was ˃ 90% 
(Supplementary Fig. 1).

After isolation, purified DCs were cultured in LCM media composed of RPMI 
1640 medium, 10% low endotoxin fetal bovine serum (FBS), penicillin (100 U/mL), 

Fig. 1  Tolerogenic DCs of transgenic NOD.Stat5b-CA mice express higher USP7 than immunogenic DCs 
of NOD mice. A Representative FACS plots showing gating strategy used for USP7 expression analysis in 
purified splenic CD11c + DCs from the spleen. B Counter plots showing CD11c+USP7+ cell frequencies in 
purified splenic DCs of NOD and transgenic NOD.Stat5b-CA mice. C Representative bar graph showing 
USP7 frequency. D Absolute numbers of USP7 expressing DCs. E Histogram showing USP7 expression level 
in purified splenic CD11c+ DCs. F Mean fluorescence intensity (MFI) of USP7 expression and (G) Western 
blot analysis of USP7 expression and β-actin used as a loading control. Data are shown as the mean ± SEM 
of three independent experiments. The two-tailed unpaired Student’s t-test was used. *P < 0.05; **P < 
0.01.****P < 0.0001
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streptomycin (100 µg/mL), and β-mercaptoethanol (50 µM). DCs were then treated 
with or without USP7 inhibitor (P5091) (5 µM/mL) for 24 h. This dose and duration of 
treatment were selected based on previous studies [34, 35] and our preliminary MTT 
assay. In some experiments, splenic DCs were incubated with LCM media containing 
either vehicle (0.1% DMSO) or Ezh2 inhibitor GSK343 (3 μM/mL) alone or together 
with the USP7 inhibitor P5091 (5 μM/mL) for 24 h. Thereafter, cells were harvested, 
washed with PBS, and used for the assays as described in figure legends.

Antibodies and FACS analysis

Cell FACS analysis was conducted as described in our previous work [13]. In brief, 
DCs were labeled with the following fluorochrome-conjugated anti-mouse antibodies, 
purchased from either eBiosciences, Life Technologies, or BioLegend: anti-CD11c-
APC (clone N418; cat# 117310), anti-CD11b-Pacific Blue (clone M1/70; cat# 101224), 
anti-MHCII-PE (clone 10-3.6; cat# 109908), anti-CD40-PE-CY5 (clone 1 C10; cat# 
15–0401-82), anti-CD80-PE (clone 1G10; cat# A14723), anti-CD86-PE-Cy7 (clone 
GL1; cat# A15412), anti-PD-L1-PE (clone MIH5; cat# 12–5982-82), anti-PD-L2-PE 
(clone TY25; cat# 12–5986-82), anti-XCR1-Brilliant Violet 785 (clone ZET; cat# 
148225), anti-Sirp-α-PerCp-efluor710 (clone P84; cat# 46–1721-8), anti-CD4-APC-
efluor 780 (clone RM4-5; cat# 47-0042-82), and anti-CD8-Percp-CY5.5 (clone 53-6.7; 
cat# 45–0081-82).

For the assessment of intracellular IRF4, IRF8, Ezh2, and USP7 protein 
expression, DCs were first incubated with anti-cell surface marker antibodies for 
30 min in the dark. Thereafter, cells were collected, washed with PBS, fixed with 4% 
paraformaldehyde (PFA) for 40 min, and then permeabilized using the Foxp3 Staining 
Kit (eBioscience, San Diego, California, USA) for 35 min. After permeabilization, 
cells were incubated with anti-IRF4-PE (clone 3E4; cat# 12–9858-82), anti-IRF8-
APC (clone V3GYWCH; cat# 2093671), or with anti-Ezh2 (cat# 4905S, Cell Signaling 
Technology), and anti-USP7 primary Ab (cat# 4833, Cell Signaling Technology, 
Whitby, Ontario, Canada). Thereafter, cells were stained with a secondary Alexa 
Fluor 488-anti-rabbit IgG antibody (cat# A-21206, Invitrogen, San Diego, California, 
USA). Finally, DCs were washed and acquired with CytoFLEX instrument (Beckman 
Coulter, Brea, CA, USA). The resulting data were processed and evaluated with 
FlowJo software version 10.2 (Tree Star Inc., Ashland, OR, USA).

Western blot

Protein extraction was performed by lysing DCs in the lysis buffer (cat# 9803S, Cell 
Signaling Technology, Boston, MA, USA) containing protease and phosphatase 
inhibitors. Proteins were then fractionated on SDS-PAGE gels (10%) and transferred 
onto PVDF membranes (Millipore, QC, Canada). Membranes were then blocked with 
5% dry milk and incubated overnight at 4 ℃ with an anti-USP7 primary antibody 
(cat# 4833, Cell Signaling Technology), followed by an appropriate secondary 
antibody (cat# 7074S, Cell Signaling Technology). β-actin (cat# 8457, Cell Signaling 
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Technology) was used as a loading control. To visualize protein bands, enhanced 
chemiluminescence (GE Health Care Canada Inc., Oakville, ON, Canada) was used.

Cytokine production and quantification

For cytokine quantification, DCs pretreated with or without USP7 inhibitor were 
cultured in the presence or absence of lipopolysaccharides (LPS) (1 µg/mL). After 24 
h, the quantification of cytokines (TNF-α, IL-1β, IL-6, and IL-10) released in the 
supernatants was assessed using the Meso Scale Discovery (MSD) assay (MSD U-PLEX 
Platform, Rockville, Maryland, USA). TGF-β was quantified using an ELISA kit 
(ThermoFisher Scientific, Waltham, MA, USA) following the protocol provided by the 
manufacturer.

Dendritic cell injection and T‑cell response monitoring

Purified splenic DCs isolated from NOD and NOD.Stat5b-CA mice were preincubated 
with or without USP7 inhibitor (5 µM) for 1  h and then washed with PBS prior 
to stimulation with LPS (1 µg/mL). After 24 h, DCs were harvested, washed, and 
intravenously injected (6 × 106 cells/mouse) into prediabetic NOD mice [8–10  weeks 
old]. After 7  days, recipient mice were euthanized, and spleen T cell subsets were 
analyzed by flow cytometry. Briefly, splenic cells were incubated with anti-CD4-
APC (clone GK1.5; cat# 17–0041-82), fixed with 4% PFA and permeabilized, and then 
intracellularly stained with anti-Foxp3-Fitc (clone FJK-16 s; cat# 11–5773-82), anti-T-
bet-PE (clone eBio4B10; cat# 12–5825-80), anti-Gata-3-Percp-efluor 710 (clone TWAJ; 
cat# 46–9966-42), or anti-RORγt-PE (clone AFKJS-9; cat# 12–6988-82) antibodies. To 
quantify cytokine production, cells were incubated with Brefeldin A (2 μM; eBiosciences) 
for 4 h, and stained with anti-CD4 antibodies, before permeabilization and intracellular 
staining with anti-IL-4-FITC (clone BVD6-24G2; cat# 11–7042-82), anti-IL-10-PE 
(clone JES5-16E3; cat# 12–7101-82), anti-IFN-γ-APC (clone XMG1.2; cat# 17–7311-82), 
and anti-IL-17-FITC (clone eBio17B7; cat# 11–7177-81) mAbs. Antibodies used were 
from eBiosciences (San Diego, CA). Cell acquisition and analysis were performed using 
flow cytometry as described in the FACS analysis section.

DC treatment and diabetes monitoring

Splenic DCs isolated from transgenic NOD.Stat5b-CA and NOD mice were not treated 
or treated with USP7 inhibitor (5 µM for 1 h) before stimulation with LPS (1 µg/mL) for 
24 h. Thereafter, DCs were washed and intravenously transfused (6 × 106 cells/mouse) to 
female NOD mice (3–4 weeks old) and then monitored for diabetes development using 
glucose readings via Uristix strips (Bayer, Minneapolis, MN, USA). Diabetes onset was 
confirmed by measuring blood glucose using the Accu-Check Advantage monitoring 
system (Roche Diagnostics, Indianapolis, IN, USA). Mice were followed for diabetes for 
up to 32 weeks or until diabetes occurred. Mice tested positive for urine glucose (with 
Uristix) were considered diabetic when two consecutive blood glucose were higher than 
15 mmol/L, mice.
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Statistics

Data were analyzed using GraphPad Prism software version 10.0 (GraphPad Software 
Inc., La Jolla, CA, USA), and results are presented as the mean ± standard error of the 
mean (SEM). Where appropriate, the two-tailed unpaired Student’s t-test was applied to 
compare two groups. One-way ANOVA followed by a Tukey multiple comparison test 
was used for multiple comparisons. For diabetes incidence comparisons, Kaplan–Meier 
survival analysis with Gehan–Breslow–Wilcoxon test was used. P < 0.05 was considered 
a cutoff for determining statistical significance.

Results
Tolerogenic DCs of NOD.Stat5b‑CA mice express elevated levels of USP7

USP7 expression and function are mostly investigated in various cancers [23, 24] and in 
Tregs in physiological and pathological conditions, including one study showing a low 
level of USP7 expression in Tregs of diabetes-prone NOD mice as compared to Tregs 
from diabetes-resistant mice [30, 31, 36]. However, USP7 expression and function in 
conventional cDCs have not yet been investigated. We have previously demonstrated 
that Stat5b.CA expressing DCs of NOD mice exhibit a mature phenotype that are 
endowed with a tolerogenic function characterized by reduced IL-12 production 
and increased TGF-β secretion as well as inducting of antigen-specific Th2/Tc2 
immune responses and promoting Treg differentiation relative to immunogenic DCs 
of NOD mice [13]. Therefore, we first explored USP7 expression in immunogenic and 
tolerogenic splenic cDCs purified from NOD and transgenic NOD.Stat5b-CA mice, 
respectively. Using the gating strategy for splenic CD11c+ DC shown in Fig. 1A, flow-
cytometric analysis showed significantly increased frequency and number of CD11c+ 
DCs expressing USP7 in NOD.Stat5b-CA mice as compared to those in NOD mice 
(Fig. 1B–D). FACS data analysis also showed higher USP7 expression in splenic DCs of 
NOD.Stat5b-CA mice than in splenic DCs of NOD mice (Fig. 1E, F). High level of USP7 
expression in tolerogenic DCs of NOD.Stat5b-CA was further confirmed using western 
blot analysis (Fig. 1G). These data demonstrate that immunogenic DCs of diabetes-prone 
NOD mice express a lower level of USP7 than tolerogenic DCs of diabetes-resistant 
NOD.Stat5b-CA mice.

Targeting USP7 inhibition promotes tolerogenic Stat5b‑CA.DC maturation and disturbs 

their immunoregulatory cytokine production

The ability of DCs to induce inflammatory immune responses or promote immune 
tolerance is directly related to their maturation status and function (cytokine 
production). To examine whether USP7 inhibition affects the DC maturation, splenic 
DCs of NOD and NOD.Stat5b-CA mice were not untreated or treated with USP7 
inhibitor P5091, which irreversibly targets USP7 activity without affecting cell viability 
[37, 38]. After 24 h, DCs were analyzed for the expression of activation/maturation and 
MHC-II markers. FACS data showed increased CD11c+ DCs expressing CD40, CD80, 
and CD86 in NOD.Stat5b-CA mice in comparison to DCs of NOD mice (Fig. 2A, B). 
Not surprisingly, like our previous report [13], control (vehicle-treated) immature DCs 
from both NOD and NOD.Stat5b-CA expressed similar levels of MHC-class II, CD40, 
CD80, and CD86 co-stimulatory molecules (Fig.  2C). Interestingly, USP7 blocked 
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significantly augmented the frequencies of MHC-II, CD40, CD80, and CD86 expressing 
DCs (Fig. 2A, B) and the expression levels of these markers in DCs of NOD and NOD.
Stat5b-CA mice (Fig.  2C). Levels of MHC-II, CD40, and CD86 were similar in the 
DCs of both strains of mice, whereas the CD80 level was higher in the DCs of NOD.

Fig. 2  Pharmacological inhibition of USP7 increases DC mature phenotype and facilitates their 
proinflammatory cytokines production. Purified splenic DCs (1 × 105 cells/well) from NOD and NOD.
Stat5b-CA mice were cultured in the presence (+ P5091) or absence (− P5091) of USP7 inhibitor (5 µM/mL) 
for 24 h. DCs were washed, labeled with anti-CD11c mAbs in combination with anti-MHC class II, anti-CD40, 
anti-CD80, or anti-CD86 mAbs, and analyzed by FACS. A Flow cytometry plots depicted cell surface 
expression of MHC class II, CD40, CD80, and CD86. B Representative bar graphs showing the percentages 
of positive cells with respect to the total population of purified splenic DCs. C Mean fluorescence intensities 
(MFI) values of FACS profiles. For cytokines quantification, purified splenic DCs (5 × 105 cells/well) from NOD 
and NOD.Stat5b-CA mice were cultured for 24 h in the presence (+ P5091) or absence (− P5091) of USP7 
inhibitor (5 µM/mL) and then stimulated with LPS (1 µg/mL) for an additional 24 h. Quantification of TNF-α, 
IL-1β, IL-6, IL-10, and TGF-β released in the supernatants of splenic DCs before (D–H) and after LPS stimulation 
(I–M). Data are shown as the mean ± SEM of at least three independent experiments. One-way ANOVA 
followed by Tukey’s post hoc test was used. n.s, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 
0.0001
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Stat5b-CA mice than in DCs of NOD mice (Fig.  2C). Likewise, the activation of DCs 
with LPS promoted DC maturation in both strains of mice, as we previously reported 
[13], and inhibition of USP7 further endorsed their maturation level (data not shown).

Next, we investigated whether the USP7 blockade affects tolerogenic Stat5b-CA.
DCs cytokine patterns before and after LPS stimulation. Results showed that 
bystander production of TNF-α, IL-1β, and IL-6 pro-inflammatory cytokines by 
unstimulated splenic DCs of transgenic NOD.Stat5b-CA mice were lower than those 
produced by control NOD splenic DCs (Fig.  2D–F). In contrast, a higher amount 
of anti-inflammatory cytokine TGF-β was produced by DCs of NOD.Stat5b-CA 
compared to the NOD splenic DCs, while similar amounts of IL-10 were produced 
by unstimulated DCs of both strains of mice (Fig.  2G, H). Interestingly, treatment 
with USP7 inhibitor induced unstimulated splenic DCs to produce significantly 
higher amounts of TNF-α, IL-1β, and IL-6 but significantly lower amounts of IL-10 
and TGF-β as compared to unstimulated DCs pretreated with vehicle (control DCs) 
(Fig. 2D–H). This cytokine pattern was similar between USP7 inhibitor-treated DCs of 
NOD.Stat5b-CA and NOD mice. Notably, LPS stimulated Stat5b-CA.DCs produced 
less amounts of TNF-α, IL-1β, and IL-6, less IL-10 proinflammatory cytokines, but a 
higher amount of anti-inflammatory TGF-β as compared to LPS-stimulated DCs of 
NOD mice (Fig. 2I–M). The production of proinflammatory cytokines TNF-α, IL-1β, 
and IL-6 produced by LPS-stimulated DCs of NOD were further increased, whereas 
IL-10 and TGF-β production were further decreased when DCs were pretreated with 
USP7 inhibitor (Fig.  2I–M). Together, these results demonstrate that inhibition of 
USP7 promotes tolerogenic Stat5b-CA.DCs and immunogenic NOD DCs maturation 
and reroute tolerogenic NOD.Stat5b-CA.DCs to acquire a marked proinflammatory 
cytokine profile.

USP7 inhibition downregulates Stat5b‑CA.DC PD‑L1 and PD‑L2 expressions

The above data suggested that inhibition of USP7 in tolerogenic splenic Stat5b-CA.DCs 
disturb their immunoregulatory phenotype and function (cytokines profile). PD-L-1 
and PD-L2 costimulatory molecules are highly expressed by tolerogenic DCs, and 
their binding to PD-1 results in the inhibition of T-cell proliferation, and inflammatory 
cytokine production, thereby inducing peripheral immune tolerance. Therefore, we 
examined whether USP7 inhibition affects the expression of PD-L1 and PD-L2 in 
tolerogenic Stat5b-CA.DCs and immunogenic DCs of NOD mice. Flow cytometry data 
showed that CD11c+PD-L1+ and CD11c+PD-L2+ DC frequencies were significantly 
higher in NOD.Stat5b-CA mice compared to those of NOD mice (Fig. 3A–D). Similarly, 
PD-L1 and PD-L2 expression levels were significantly higher in Stat5b-CA.DCs than 
DCs of NOD mice (Fig.  3E–G). Importantly, inhibition of USP7 prominently reduced 
both the frequencies of CD11c+PD-L1+ and CD11c+PD-L2+ DCs, as well as PD-L1 
and PD-L2 expression levels in DCs of both strains of mice (Fig.  3A–G). Notably, the 
impact of USP7 blockade on the reduction of PD-L1 and PD-L2 expression was more 
pronounced in tolerogenic Stat5b-CA.DCs than in immunogenic cDCs of NOD mice 
(Fig. 3E–G). Together, these data demonstrate that USP7 is also involved in maintaining 
high levels of PD-L1 and PD-L2 inhibitory receptor expression in tolerogenic DCs of 
NOD.Stat5b-CA mice.
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USP7 inhibition promotes cDC1 over cDC2 subset in tolerogenic Stat5b‑CA.DCs

The various DC subsets, particularly cDC1 and cDC2, play a crucial role in 
the induction of immunogenic and tolerogenic immune responses. In mouse 
autoimmunity, cDC1 was attributed to being immunogenic and cDC2 being 
tolerogenic. Since NOD.Stat5b-CA mice comprise a higher proportion of splenic 
CD11c+CD11b+  cDC2 than the proportion of CD11c+CD11b+  cDC2 subsets in 
NOD mice [39], we next investigated whether inhibiting USP7 in splenic DCs would 
promote immunogenic cDC1 over tolerogenic cDC2 subpopulations in NOD and 
NOD.Stat5b-CA mice. To this end, purified splenic cDCs were cultured with or 
without USP7 inhibitor P5091 for 24 h, and cDC1 (CD11c+CD11b−CD8+XCR1+) 
and cDC2 (CD11c+CD11b+CD4+Sirpα+) populations were analyzed by FACS. In 
agreement with our previous data [39], NOD.Stat5b-CA mice displayed an elevated 
frequency of tolerogenic splenic CD11c+CD11b+Sirpα+ cDC2 subset and a low 
frequency of immunogenic CD11c+CD11b-XCR1+ cDC1 cells in comparison to the 
high frequency of immunogenic cDC1 and low frequency of tolerogenic cDC2 in 
NOD mice (Fig. 4A–F and Supplementary Fig. 2 A, B). We also found a high level of 
CD11b and Sirpα expression in cDC2 and a low XCR1 expression level in cDC1 cells 
of NOD.Stat5b-CA mice. On the contrary, CD11b and Sirpα were less expressed 
in cDC2 cells, whereas XCR1 was highly expressed in cDC1 cells of NOD mice 
(Fig. 4G–L).

Intriguingly, USP7 inhibition considerably reduced the frequency of the 
tolerogenic cDC2 population while significantly augmenting the frequency of the 
immunogenic cDC1 population in both strains of mice (Fig. 4A–F). Indeed, cDC2/

Fig. 3  USP7 blockade decreases PD-L1 and PD-L2 expression in tolerogenic Stat5b-CA.DCs. Purified splenic 
DCs (1 × 105 cells/well) from NOD and NOD.Stat5b-CA mice were cultured for 24 h in the presence (+ 
P5091) or absence (− P5091) of USP7 inhibitor (5 µM/mL). DCs were washed, labeled with anti-CD11c mAbs 
in combination with anti-PD-L1 and anti-PD-L2 mAbs. A–D Flow cytometry plots depict PD-L1 and PD-L2 
expression (A, C) and cell frequencies (B, D) in CD11c+ DCs. E Flow cytometry histogram depicts levels of 
PD-L1 and PD-L2 expressions and (F–G) MFI in CD11c+ DCs treated with or without USP7 inhibitor (5 µM/mL). 
Data are shown as the mean ± SEM of five independent experiments. One-way ANOVA followed by Tukey’s 
post hoc test was used. n.s, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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cDC1 ratio in Stat5b-CA.DCs were higher than in NOD DCs and were switched 
to a low cDC2/cDC1 ratio when treated with USP7 inhibitor (Supplementary 
Fig. 2 C). The switch in cDC2 and cDC1 ratio induced by USP7 inhibition was also 
accompanied by a significant reduction of CD11b and Sirpα expression level in 
cDC2 subsets and enhanced XCR1 expression level in cDC1 subsets (Fig.  4G–L). 
Altogether, these results reveal that the deubiquitinating enzyme USP7 plays an 
important role in regulating XCR1+ cDC1 and Sirpα+ cDC2 subsets in NOD and 
NOD.Stat5b-CA mice.

USP7 differentially regulate IRF4 and IRF8 expression

cDC1 and cDC2 development and function depends on transcription factors IRF8 
and IRF4, respectively [40–42]. Recently, we have reported high IRF4 and low IRF8 
expression in tolerogenic splenic and bone marrow-derived DCs of NOD.Stat5b-CA 
mice when compared to NOD mice [14, 39]. Therefore, we explored whether the 
expression of IRF4 and IRF8 in splenic DCs was regulated by USP7. For this purpose, 
the levels of IRF4 and IRF8 expression were analyzed in splenic cDCs of NOD and 
NOD.Stat5b-CA mice before and after USP7 inhibition. FACS results showed a higher 
frequency of IRF4+CD11c+ DCs, as well as high expression levels of IRF4 in NOD.

Fig. 4  Inhibition of USP7 promotes cDC1 over cDC2 in tolerogenic Stat5b-CA.DCs. Purified splenic 
DCs (1 × 105 cells/well) from NOD and NOD.Stat5b-CA mice were cultured in the presence (+ P5091) 
or absence (− P5091) of USP7 inhibitor (5 µM/mL) for 24 h. DCs were washed, labeled with anti-CD11c 
mAbs in combination with anti-CD11b, anti-Sirpα, and anti-XCR1 mAbs. A, C, E FACS profiles showing 
CD11b, XCR1, and Sirpa expression in splenic CD11c+ DCs treated with or without USP7 inhibitor. B, D, F 
Representative bar graphs of CD11c+CD11b+, CD11b+Sirpa+, CD11b−XCR1+ cDC frequencies. (G, I, and K) 
Representative histograms of CD11b, Sirpα, and XCR1 gated on CD11c+ as assessed by flow cytometry. H, 
J, L Mean fluorescence intensity (MFI) values of CD11b, Sirpα (gated on CD11c+CD11b+ DCs), and XCR1 
(gated on CD11c+CD11b− DCs) expression. Data are shown as the mean ± SEM of at least four independent 
experiments. One-way ANOVA followed by Tukey’s post hoc test was used. n.s, not significant; *P < 0.05; **P < 
0.01; ***P < 0.001; ****P < 0.0001
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Stat5b-CA compared to that of the NOD mice (Fig.  5A, B). On the contrary, the 
frequency of IRF8+CD11c+ cDCs and the expression level of IRF8 were higher in NOD 
mice compared to that of the NOD.Stat5b-CA mice (Fig.  5C, D). Data also showed 
that USP7 blockade significantly reduced IRF4 expression level while increasing IRF8 
expression level in both Stat5b-CA.DCs and NOD DCs when compared to untreated 
DCs (Fig. 5E–H). Of interest, the reduction of IRF4 expression and the increase of IRF8 
expression in the presence of USP7 inhibitor were more prominent in cDCs of NOD.
Stat5b-CA mice (Fig.  5E–H). Altogether, these findings highlight the importance of 
USP7 in regulating IRF4 and IRF8 and, thereby, cDC1 and cDC2 differentiation.

Ezh2 contributes to IRF8 but not IRF4 regulation through USP7

Previously, we have found that Stat5b and Ezh2 are recruited to limit IRF8 but not 
IRF4 transcription in DCs of NOD and NOD.Stat5b-CA mice [14, 39]. Moreover, 
the above data showed that USP7 regulates both IRF4 and IRF8, raising the question 
of whether Ezh2 is involved in the regulation of these transcription factors by USP7, 
which has not yet been investigated. Recent studies showed that USP7 interacts with 
Ezh2 and promotes its stabilization in cancer cells and that loss of USP7 leads to Ezh2 
destabilization [43, 44]. To evaluate the protein–protein interaction, we first mapped 
BioPlex edges onto three-dimensional structures of USP7 and Ezh2 drawn from the 
Protein Data Bank (PDB) database (http://​huang​lab.​phys.​hust.​edu.​cn/). As reported 
before [43, 44], we confirmed a direct interaction and a complex formation between 
USP7 and Ezh2 (Fig. 6A, B). Next, we examined whether inhibiting USP7 affects Ezh2 
expression. Data showed that Ezh2 expression level was elevated in cDCs from NOD.

Fig. 5  Blockade of USP7 downregulates IRF4 and upregulates IRF8 expression. Purified splenic cDCs (1 × 105 
cells/well) from NOD and NOD.Stat5b-CA mice were cultured for 24 h in the presence (+ P5091) or absence 
(− P5091) of USP7 inhibitor (5 µM/mL). cDCs were washed, labeled with anti-CD11c mAbs in combination 
with Abs anti-IRF-4 or anti-IRF-8, and analyzed by FACS. A, C Counter plots (left) and representative bar graphs 
(right) showing CD11c+IRF4+ (A) and CD11c+IRF8+ (C) cell frequencies in purified splenic cDCs. B, D Flow 
cytometry histogram showing IRF4 (B) and IRF8 expressions (D) in splenic CD11c+ DCs. E, G Flow cytometry 
histograms showing IRF4 (E) and IRF8 (G) expression in purified splenic CD11c+ DCs treated with or without 
USP7 inhibitor (5 µM/mL) for 24 h. F, H Mean fluorescence intensity (MFI) values of IRF4 (F) and IRF8 (H) 
expression. Data are shown as the mean ± SEM of five independent experiments. The significance was 
calculated using One-way ANOVA with Tukey’s post-test. n.s, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001

http://huanglab.phys.hust.edu.cn/
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Stat5b-CA mice than in cDCs from NOD mice (Fig. 6C, D) and that the inhibition of 
USP7 significantly downregulated Ezh2 expression in cDCs from both strains of mice 
(Fig. 6E). These results indicate that USP7 directly regulates Ezh2 expression in cDCs. To 
elucidate the role of Ezh2 in IRF4 and IRF8 regulation by USP7, we assessed the impact of 
Ezh2 and USP7 inhibition on IRF4 and IRF8 expression. As we previously reported [14, 
39], Ezh2 inhibition upregulated IRF8 expression but had no effect on IRF4 expression 
in the cDCs of both mouse strains (Fig.  6F–G). Interestingly, inhibition of both Ezh2 
and USP7 resulted in a significant downregulation of IRF4 and an upregulation of IRF8 
expression (Fig.  6F–G). These data suggest that USP7 regulates IRF4 expression in an 
Ezh2-independent manner, whereas IRF8 expression is regulated by a USP7-Ezh2-
dependent pathway.

Fig. 6  USP7 controls IRF4 and IRF8 expression by regulating Ezh2. A Crystal structure of overall protein–
protein binding between USP7 and Ezh2. B Ribbon representation of the crystal structure of USP7:Ezh2 
peptide complex with the USP7 peptide represented by blue color and Ezh2 peptide represented by red 
color (left). The interactions formed between USP7 and the Ezh2 peptide are shown as yellow dashed lines. 
The residues involved in the interactions are labeled (right) and presented in table form. C–G Splenic DCs 
purified from NOD and NOD.Stat5b-CA mice were incubated with either vehicle (0.1% DMSO) or with the 
Ezh2 inhibitor GSK343 (3 μM/mL) alone or together with the USP7 inhibitor P5091 (5 μM/mL) for 24 h. 
Thereafter, cells were washed and then stained with anti-CD11c, anti-Ezh2, anti-IRF4, and anti-IRF8 antibodies 
and analyzed by flow cytometry. C, D Histogram profile (left panel) and Mean fluorescence intensity (MFI) 
quantification (right panel) of the level of Ezh2 expression in CD11c+ DCs. Data are shown as the mean 
± SEM of three independent experiments. The two-tailed unpaired Student’s t-test was used. **P < 0.01. E 
MFI values of Ezh2 in DCs treated with either vehicle or P5091 inhibitor. F, G MFI values of IRF4 and IRF8 in 
vehicle-treated DCs or DCs treated with Ezh2 inhibitor alone or together with P5091 inhibitor. Data are shown 
as the mean ± SEM of three independent experiments. One-way ANOVA followed by Tukey’s post hoc test 
was used. n.s, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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USP7 inhibition reprograms tolerogenic DCs to promote Th17 while restraining Th2 

and Treg differentiation

Since tolerogenic DCs of NOD.Stat5b-CA promotes Tregs and Th2 over Th1 
differentiation [13], we sought to investigate the impact of USP7 inhibition in Stat5b-CA.
DCs on T helper cells and Tregs immune response. For this purpose, vehicle- or USP7 
inhibitor-treated splenic cDCs of NOD and NOD.Stat5b-CA mice were stimulated 
with LPS and then injected into prediabetic NOD mice. After 7  days, splenic T cells 
and cytokine profiles of recipient mice were analyzed by flow cytometry. The results 
showed that the frequencies and absolute numbers of CD4+Foxp3+ Tregs (Fig.  7A, B 
and Supplementary Fig. 3 A) and CD4+Gata3+ Th2 cells (Fig. 7C, D and Supplementary 
Fig. 3B) were markedly increased in NOD mice injected with DCs of NOD.Stat5b-CA 
mice as compared to NOD mice injected with DCs of NOD mice. However, the 
frequency and the absolute numbers of RORγt+ Th17 cells were markedly reduced in 

Fig. 7  Inhibition of USP7 in tolerogenic Stat5b-CA.DCs reduce Tregs and Th2 responses and promote 
IL-17-producing Th17 cell subset. Purified splenic DCs from NOD and NOD.Stat5b-CA mice were 
pre-incubated with (+ PD5091) or without (− PD509) USP7 inhibitor (5 µM/mL) for 24 h and then stimulated 
with LPS (1 µg/mL) for additional 24 h. Cells were then washed, and 6 × 106 cells were i.v injected into 8–10 
weeks old NOD mice. After 7 days, spleen cells were harvested and analyzed for Tregs and Th1/Th2/Th17 cell 
subsets and their cytokine profiles by FACS. A–H Representative FACS profile and percentage of CD4+Foxp3+ 
Tregs (A, B), CD4+Gata-3+ Th2 (C-D), CD4+RORγt+ Th17 (E, F) and CD4+T-bet+ Th1 (G, H) cells. I–L Splenic cells 
of recipient NOD mice were stained with different T cell subsets and cytokine antibodies and analyzed by 
FACS. Percentages of Foxp3+IL-10+ (I), CD4+IL-4+ (J), CD4+IL-17+ (K), and CD4+IFN-γ+ (L) T cell subsets. In all 
experiments, 4 mice per group were used, and the results are expressed as mean ± SEM. The significance was 
calculated using One-way ANOVA with Tukey’s post-test. n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001
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NOD mice injected with DCs of NOD.Stat5b-CA in comparison to the mice injected 
with NOD DCs (Fig. 7E, F and Supplementary Fig. 3 C). Similarly, we found a prominent 
reduction in the total number of CD4+Tbet+ Th1 cells between NOD and NOD.
Stat5b-CA injected DCs while no significant difference was found in the frequency of 
CD4+Tbet+ cells in the spleens of both recipient mice (Fig. 7G, H and Supplementary 
Fig.  3D). Importantly, the frequencies and absolute number of Tregs and Th2 cells in 
the spleens of NOD mice transfused with USP7 inhibitor pre-treated DCs from NOD 
or NOD.Stat5b-CA mice were significantly reduced (Fig.  7A–D and Supplementary 
Fig.  3 A, B) while their Th17 cell frequency and absolute numbers were significantly 
increased (Fig.  7E, F and Supplementary Fig.  3 C). Similarly, IL-10-producing Tregs 
and IL-4-producing Th2 cell frequencies were significantly increased in the spleens of 
recipient mice transfused with DCs of NOD.Stat5b-CA mice which were decreased 
in the recipient mice injected with USP7 inhibitor-pre-treated DCs (Fig.  7I, J). The 
decrease in IL-10-producing Tregs and IL-4-producing Th2 cells was accompanied by an 
increased IL-17-producing Th17 cell frequency (Fig. 7K), while the frequency of IFNγ-
producing Th1 cells remained unaltered (Fig. 7L). Together, these results demonstrate 
the importance of USP7 in DC tolerogenic function to regulate Tregs, Th2, and Th17 cell 
immune responses in NOD mice.

Fig. 8  USP7 blockade halts the capacity of tolerogenic Stat5b-CA.DCs to protect NOD mice from diabetes. 
Purified splenic DC of NOD and NOD.Stat5b-CA mice were treated or not with USP7 inhibitor P5091 (5 
µM/mL, for 24 h), stimulated with LPS for another 24 h, and intravenously injected into 3–4 weeks old 
female NOD mice (7 mice per group, 6 × 106 cells/mouse). Recipient NOD mice were followed for diabetes 
development until 32 weeks of age. For comparison of diabetes incidence between different groups, the 
Gehan–Breslow–Wilcoxon test was performed to calculate the significant difference. n.s., not significant; 
****P < 0.0001
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USP7 blockade reduces the tolerogenic functions of Stat5b‑CA.DCs, restoring their 

capacity to induce diabetes development

The above results showed that the tolerogenic function of DCs of NOD.Stat5b-CA 
mice is lost when treated with USP7 inhibitor, as demonstrated by the promotion 
of pro-inflammatory Th17 cells and reduction of anti-inflammatory Th2 and Tregs 
cell differentiation. These findings led us to investigate whether the USP7 blockade 
was devoid of the capacity of tolerogenic Stat5b-CA.DCs to halt the development of 
diabetes in NOD mice. To this end, vehicle- or USP7 inhibitor-treated splenic DCs of 
NOD and NOD.Stat5b-CA mice were stimulated with LPS and intravenously transfused 
into nondiabetic young NOD mice that were followed for diabetes. Results showed 
that similar to diabetes incidence in NOD mice in our mouse colony, 80–90% of NOD 
mice transfused with the vehicle- or USP7 inhibitor-treated NOD DCs become diabetic 
(Fig. 8). As we previously reported [13], NOD mice transduced with the vehicle-treated 
DCs of NOD.Stat5b-CA mice were fully protected from diabetes (Fig. 8). Of importance, 
when treated with USP7 inhibitor, DCs of NOD.Stat5b-CA mice failed to protect NOD 
recipient mice from developing diabetes (Fig. 8). These data strongly demonstrate that 
USP7 contributes to maintaining NOD.Stat5b-CA mice DCs tolerogenic capacity to 
establish immunological tolerance and to prevent diabetes development in NOD mice.

Discussion
Using a spontaneous model of type 1 diabetes NOD mice, we have reported that splenic 
DCs expressing an active form of Stat5b transcription factor (Stat5b-CA.DCs) exhibit 
the signature of tolerogenic DCs such as expressing high levels of PD-L1 and PD-L2, 
producing a large amount of TGF-β and protecting NOD mice from the development 
of autoimmune diabetes [13, 14, 39]. In this study, we found that tolerogenic Stat5b-CA.
DCs express higher levels of ubiquitin-specific protease USP7 and that treatment of 
Stat5b-CA.DCs with the USP7 inhibitor P5091 weaken their tolerogenic properties 
and reprogrammed them to exhibit immunogenic DCs properties. USP7 inhibition in 
tolerogenic Stat5b-CA.DCs increased their maturation phenotype while reducing PD-L1 
and PDL-2 expression and enhancing the production of proinflammatory cytokines 
TNF-α, IL-1β, and IL-6. Mechanistically, USP7 inhibition reduced Stat5b-CA.DC IRF4 
expression in an Ezh2-independent manner while upregulating IRF8 expression via 
Ezh2 and promoting cDC1 over cDC2 subsets. Moreover, USP7 inhibition increased 
Stat5b-CA.DC capacity to promote Th17 cells, restrained Th2 and Treg cells in vivo and, 
therefore, lost their capacity to protect NOD mice from diabetes.

In autoimmunity, prevention, or promotion of peripheral and tissue-specific 
autoimmune response is influenced by the DC phenotype, subtypes, and functions. 
In agreement with this conclusion, it has been largely shown that DCs from NOD 
mice and monocytes-derived DCs from diabetic patients are abnormally activated, 
produce high amounts of proinflammatory cytokines, and contribute to autoreactive 
T cell activation and diabetes development [45–47]. Immunosuppressive DCs that are 
functionally classified as tolerogenic are responsible for the induction and maintenance 
of self-tolerance. Several studies have demonstrated that in experimental animal models, 
semimature or alternatively activated DCs can control autoreactive T-cell responses 
and restore Ag-specific tolerance [48, 49]. We have reported that immunogenic DCs 
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of NOD mice engineered to express active Stat5b are tolerogenic and are successful in 
treating ongoing diabetes in the preclinical NOD mouse model [13]. Understanding 
the mechanisms involved in reprogramming immunogenic DCs to tolerogenic DCs is 
crucial for the design of successful DC therapy to suppress autoimmune diseases.

The ubiquitinating/deubiquitinating system is a crucial regulatory mechanism 
that cells use to control the breakdown and homeostasis of proteins generated by 
external stimuli. It is also intimately related to development and the regulation of the 
inflammatory immune system [50]. Among deubiquitinating enzymes, USP7 is the 
most widely studied in the context of cancer [51, 52]. Previous studies have pinpointed 
the important role of USP7 in sustained intra-tumoral highly immunosuppressive 
Foxp3+ Tregs that limit effector T cell antitumor responses [53, 54]. USP7 has been 
shown to interact with Foxp3 in Tregs, and the knockdown of USP7 hindered Tregs 
immunosuppressive function [30, 31]. On the contrary, USP7 expression decreased 
polyubiquitination of Foxp3 and enhanced Foxp3 expression (30). In contrast, inhibition, 
or knockdown of USP7, decreased Foxp3 expression and Tregs suppressive function 
[30, 55]. However, the role of USP7 in DCs is largely unknown. Up to date, only one 
report examined the role of USP7 in pDCs and explored whether USP7 affects pDCs 
maturation and function in multiple myeloma [33]. They reported that treatment of 
MM patient’s pDCs with USP7 inhibitor (XL177 A) upregulated the expression of 
CD83, CD86, and HAL-DR MHC class II and increased the release of INF-α. They 
also showed that USP7 blockade induced pDCs activation and restored MM-specific 
cytotoxic CD8+ T lymphocytes and NK cell-mediated activity. Our study revealed 
for the first time a  higher expression of USP7 in tolerogenic Stat5b-CA.DCs than in 
immunogenic cDCs in the autoimmune setting. In agreement with this report [33], we 
found that USP7 inhibition increased levels of maturation markers CD80, CD86, CD40, 
and MHC class II expression, indicating that USP7 blocked induced DC overactivation. 
Beyond DC maturation, inhibition of USP7 promoted tolerogenic DC production 
of proinflammatory cytokines (TNF-α, IL-1β, and IL-6) while repressing IL-10 and 
TGF-β production, indicating tolerogenic Stat5b-CA.DCs acquired an immunogenic 
phenotype. These findings suggest an immunomodulatory role of USP7 in tolerogenic 
DCs function.

We further showed that tolerogenic Stat5b-CA.DCs expressed higher levels of 
PD-L1 and PD-L2 than immunogenic DCs of NOD mice, and that USP7 inhibition 
downregulated their PD-L1 and PD-L2 expression levels. In agreement with our 
findings, it has been shown that USP7 is overexpressed in gastric tumors and that USP7 
directly binds with PDL-1 to induce its deubiquitination and stabilization [56] and 
suggested that USP7 abrogation could be used as another approach to downregulate 
PD-L1 and render gastric cancer cells sensitive to the killing by T cells. On the contrary, 
another study found that USP7 inhibition elevated the PD-L1 expression in lung cancer 
cells [57], suggesting that the regulation of PD-L1 expression by USP7 is multifaceted 
and may be context-dependent.

Different subsets of DCs are specialized for eliciting specific elements of the 
immune response. DCs that induce Th1 and Th17 or Th2 and Treg responses have 
been designated as cDC1 or cDC2 cells, respectively [58, 59]. Along with USP7 
immunomodulatory capability, our data showed that low USP7 expressing cDCs of NOD 
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mice have more cDC1 than cDC2 subsets, whereas high USP7 expressing Stat5b-CA.
DCs contain more cDC2 than cDC1 cells, and that USP7 inhibition augments cDC1 
over DC2 subsets in NOD and NOD.Stat5b-CA mice. Interestingly, USP7 is involved 
in M1 and M2 macrophage homeostasis regulation. Similar to our finding, USP7 has 
been shown to be highly expressed in M2 but not in M1 macrophages [57]. Particularly, 
inhibition of USP7 was shown to reprogram tumor-associated macrophages to M1 
macrophages through p38 MAPK pathway activation, thereby enhancing anti-tumor 
immune responses [57]. Similarly, another study reported that USP7 polarizes anti-
inflammatory M2 macrophage phenotype to pro-inflammatory M1 [60].

cDC1 s and cDC2 s express distinct transcriptional programs [61]. IRF4 and IRF8 
were found important for cDC development. IRF8 is expressed at all stages of cDC1 
development, whereas the development of cDC2 s is governed by IRF4 [8, 62–66]. 
Moreover, DC-specific deletion of IRF4 resulted in an increased cDC1/cDC2 ratio 
[8] whereas IRF8−/− mice lack cDC1 development [67]. Our results showed higher 
expression of IRF4 than IRF8 in tolerogenic cDCs of NOD.Stat5b-CA mice and higher 
expression of IRF8 than IRF4 in NOD mice, which explains the higher percentage 
of cDC2 than cDC1 in NOD.Stat5b-CA mice. USP7 blockade downregulated IRF4 
and upregulated IRF8 expression in DCs of NOD.Stat5b-CA and NOD mice, which 
resulted in fostering cDC1 over cDC2 subsets. This supports the notion of USP7-
dependent IRF4 and IRF8 regulation and cDC1 and cDC2 development. The finding 
that cDC1 cells are present at early islet inflammation in NOD mice and that NOD 
with less cDC1 do not develop diabetes [68, 69], suggests that cDC1 contributes to 
the initiation and development of diabetes in NOD mice. In agreement with this 
suggestion, our data showed that transfer of NOD.Stat5b-CA DCs that contain more 
cDC2 subsets protect NOD mice from diabetes, whereas transfer of DCs of NOD 
mice that contain more cDC1 do not protect NOD mice from diabetes. We also found 
that following the USP7 blockade, DCs of NOD.Stat5b-CA mice lost their ability to 
protect NOD mice from diabetes, indicating the important immunoregulatory role 
of USP7 in the process of autoimmune tolerance mediated by tolerogenic Stat5b-CA.
DCs.

We have also shed light on the mechanisms by which USP7 controls IRF4 and 
IRF8 expression in cDCs in the context of autoimmunity. Our previous work showed 
that Ezh2 is involved in IRF8 but not in IRF4 regulation in tolerogenic Stat5b-CA.
DCs [14], here we found that the inhibition of USP7 and Ezh2 in cDCs affect both 
IRF4 and IRF8 expression, suggesting the involvement of USP7-Ezh2 pathway in 
regulating IRF8 expression whereas IRF4 is regulated by USP7-Ezh2-independent 
pathway. Thus, our study uncovers for the first time a dual regulatory role of USP7 in 
controlling IRF4 and IRF8 expression in DCs in Ezh2-dependent and -independent 
pathways, respectively. The finding that USP7 interacts with Ezh2 is consistent 
with previous reports where USP7 was found to interact with and stabilize Ezh2 
and that loss of USP7 reduced Ezh2 expression in cancer cells [43, 44]. Our finding 
highlights the complexity of transcriptional regulation in DCs and adds another layer 
of complexity by identifying that USP7 regulates IRF8 through Ezh2 but IRF4 in an 
Ezh2-independent manner.
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T cells that have been educated by DCs are able to orchestrate immune responses 
and contribute to either the development of autoimmunity or the maintenance of 
immune tolerance. It is well established that Th1, Th17, and the defect in Th2 and 
Tregs contribute to the development of diabetes in NOD mice and humans [70–74]. 
Earlier studies in NOD mice have shown that the immune tolerance induced by DCs 
involves diverse cellular mechanisms, such as deletion of T cells [9, 75, 76], immune 
deviation toward Th2 response, and/or Treg induction/expansion that can induce 
dominant tolerance [77]. Our in vivo data demonstrated that high USP7 expression 
by tolerogenic DCs of NOD.Stat5b-CA mice is necessary for the induction and 
maintenance of Th2 response and Tregs differentiation and that USP7 inhibition 
reprograms tolerogenic DCs to promote more Th17 while restraining Th2 and Tregs 
differentiation. This is consistent with our previous finding showing that tolerogenic 
cDC of NOD.Stat5b-CA promoted Th2 and Tregs responses, while downregulating 
cytokines involved in Th1 and Th17 immune responses induction [13].

This study has some limitations and raises several outstanding questions. Even 
though we have found that USP7 differentially regulates IRF4 and IRF8 transcription 
factors in Ezh2 independent and Ezh2 dependent pathways in tolerogenic versus 
immunogenic DCs, we have not determined how USP7 regulates Ezh2, IRF4, and 
IRF8 such as via ubiquitination and proteasome degradation and/or phosphorylation. 
Furthermore, USP7 is known to have several target proteins particularly those 
involved in IRF4 regulation; therefore, performing a transcriptomic analysis of 
immunogenic and tolerogenic DCs in the absence or presence of USP7 inhibitor may 
reveal new targets that play a crucial role in tolerogenic versus immunogenic DC 
function and cDC1/cDC2 differentiation in the context of autoimmunity.

Conclusions
This study provides the first experimental evidence that the USP7/Ezh2 axis plays a 
crucial role in the tolerogenic function of DCs in the context of autoimmune diabetes. 
By regulating DC maturation, cytokine production, and DC subset differentiation, 
USP7 controls the balance between immune tolerance and inflammation. USP7 
inhibition disrupts this balance by promoting a pro-inflammatory state and 
enhancing the immunogenicity of DCs. These findings highlight the USP7/Ezh2 axis 
as a potential therapeutic target for modulating immune responses in T1D and may 
offer a new avenue for preventing or treating autoimmune diabetes.
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