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Background: Effectiveness of clinical therapy such as chemotherapy for solid tumors is limited 

by acquired drug resistance and side effects. Available antitumor immunity methods showed 

promising prospect of cancer therapy. However, more drug targets for boosting antitumor immu-

nity still need to be explored and selective and effective compounds are yet to be developed.

Purpose: To study the effect and possible mechanism of compound P5091, a selective USP7 

inhibitor, on CT26 xenografts growth in mice.

Materials and methods: CT26 xenografts model was employed to examine the anti-tumor 

effect of P5091. RT-PCR and ELISA analysis were used to detect the level of IFN-γ, TNF-α 

and IL-10 in tumor tissue and serum, respectively. IFN-γ expression in CD4+ and CD8+ T 

cells was analyzed by intracellular stain. The level of FOXP3 in Treg cells was confirmed by 

intracellular stain and western blotting.

Results: Compound P5091, a selective USP7 inhibitor, was found to inhibit CT26 xenografts 

growth in mice, which is comparable to the effect of Anti-PD-1 antibody. RT-PCR analysis 

showed that P5091 treatment decreased IL-10 mRNA level in tumor tissue while elevated mRNA 

level of IFN-γ and TNF-α. Moreover, ELISA analysis manifested decreased of IL-10 and elevation 

of IFN-γ and TNF-α in serum from tumor bearing mice. Intracellular stain showed increased IFN-g 

expression both in CD4+ and CD8+ T cells after P5091 treatment. Furthermore, P5091 treatment 

caused FOXP3 loss in Treg cells decreased the proportion of Treg cells in tumor bearing mice.

Conclusion: Our study here showed that P5091 may be a candidate for cancer immunotherapy.
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Introduction
Colorectal cancer (CRC) is one of the most common forms of cancer worldwide affecting 

people’s life and health. Surgical management, radiation, chemotherapy, and ongoing devel-

opments in immune therapy are now being used as efficient cure tools for CRC treatment. 

On the one hand, clinical chemotherapeutic drugs, such as 5-FU, cisplatin, Bortezomib, 

and others showed promising cancer treatment efficiency, but dose-limiting toxicities and 

the development of resistance limit their long-term utility. On the other hand, the use of 

therapeutic monoclonal antibodies (mAbs) in oncology, which mainly includes anti-PD-1, 

anti-PD-L1, and anti-CTLA4,1,2 has gained widespread recognition. Unfortunately, the 

clinical responses observed following mAb treatment remain largely heterogeneous, their 

duration is still highly unpredictable, and they have a high and unbearable economic cost.3 

Also, these therapies are associated with a diverse spectrum of immune-related adverse 

events (irAEs) that are typically transient, but occasionally severe, or even fatal, like cytokine 

storm. Therefore, effective and safe treatments for cancer are still needed to be explored.4
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In recent years, significant efforts in understanding and 

modulating the immune response in cancer have been made. 

In this context, immunosuppressive cells, including Tregs and 

myeloid-derived suppressor cells, have come under intense 

investigation for their proposed roles in suppressing tumor-

specific immune responses and establishing an immunosup-

pressive tumor microenvironment, thus enabling tumor immune 

evasion. An accumulation of FOXP3+ Tregs within tumor tissue 

and/or draining lymph nodes has a negative prognostic effect 

for many solid tumors, including lung cancer, colon cancer, and 

other malignancies.5–9 Thus, Treg depletion or functional sup-

pression could be a new strategy for cancer immunotherapy.10,11

The ubiquitin proteasome system is a major nonlysosomal 

pathway by which intracellular protein degradation is mediated 

via proteasome holoenzyme, ubiquitin ligases, and deubiqui-

tylating (DUB) enzymes. USP7 is a cysteine protease among 

the 100 DUB members and is known to regulate various 

physiological processes by deubiquitinating and stabilizing 

the proteins involved. Studies on USP7 show that it has been 

closely implicated in tumorigenesis, cancer metastasis, and 

HIV progression.12–16 Inhibition of USP7 is capable of induc-

ing cell death in ovarian cancers17 and overcoming Bortezomib 

resistance by inducing apoptosis in multiple myeloma cells.18 

Moreover, USP7 stabilizes expression of Tip60 and FOXP3, 

which are essential for Treg cells.19 Treg cell play central role in 

regulation of immune responses to self-antigens, allergens, and 

commensal microbiota as well as immune responses to infec-

tious agents and tumors.20 Transcriptional factor FOXP3 serves 

as a lineage specification factor of Treg cells while its deficiency 

is responsible for systemic overactivated immune response,21 

indicating that USP7 is a promising target for antitumor therapy.

In our study, a selective USP7 inhibitor, P5091, signifi-

cantly suppressed the growth of CT26, a CRC cell line, as 

indicated by decreased tumor volume and weight. Tumor cell 

proliferation was downregulated by P5091 and anti-PD-1 

treatment as evidenced by hematoxylin and eosin stain (H&E) 

and proliferating cell nuclear antigen (PCNA) immunohisto-

chemistry staining. In addition, P5091 treatment suppressed 

IL-10 and promoted IFN-γ and TNF-α expression, both at 

the mRNA and protein levels. Further study suggested that 

P5091 boosted the function of CD4+ and CD8+ T-cells by 

upregulating IFN-γ expression and inhibited immune sup-

pressor Tregs by reducing FOXP3 expression.

Materials and methods
reagents
P5091 (P005091) was purchased from Selleck (Shanghai, 

People’s Republic of China). Dulbecco’s Modified Eagle’s 

Medium and fetal bovine serum were from Thermo Fisher 

Scientific (Waltham, MA, USA). Antibodies against FOXP3, 

PARP, and cleaved-caspase-3 were purchased from Cell 

Signaling Technology (Danvers, MA, USA) and β-actin 

was bought from Santa Cruz Biotechnology Inc. (Dallas, 

TX, USA). The TUNEL assay kit was bought from Vazyme 

Biotech Co., Ltd (Nanjing, People’s Republic of China). 

CD8-FITC (FITC-conjugated anti-CD8 antibody), FOXP3-

PE (PE-conjugated anti-FOXP3 antibody), and IFN-γ-APC 

(APC conjugated anti-IFN-γ antibody) were purchase from 

BioLegend (San Diego, CA, USA). TRIzol reagent and cell 

culture products were obtained from Takara (Shiga, Japan).

cell culture
Mouse Colon Carcinoma (CT26) cells were purchased from 

Keygen Biotech (Nanjing, People’s Republic of China). Cells 

were maintained in Dulbecco’s Modified Eagle’s Medium 

supplemented with 10% (v/v) heat-inactivated fetal bovine 

serum and antibiotics (100 U/mL penicillin and 100 U/mL 

streptomycin) at 37°C in a humidified atmosphere of 5% CO
2
 

(Thermo Fisher Scientific).

ethics statements
The approval for use of animals in research was performed in 

accordance with the Guide for the Care and Use of Labora-

tory Animals (National Institutes of Health, Bethesda, MD, 

USA) and approved by the Animal Care and Use Committee 

for Health Sciences of Suzhou University. All animal 

experiments were carried out according to the Animal Care 

Guidelines of Suzhou University. The animals were housed 

under specified-pathogen-free conditions that meet interna-

tional standards; they were regularly checked by the certi-

fied veterinarian responsible for health monitoring, animal 

welfare supervision, experimental protocols, and procedure 

revision. At the time of sacrifice, they were euthanized by cer-

vical dislocation. All efforts were made to reduce the number 

of animals used and to minimize the animals’ suffering.

animals
Female BALB/c mice, 6–8 weeks old, were purchased from 

the Experimental Animal Center of Suzhou University 

(Suzhou, People’s Republic of China). They were maintained 

with free access to pellet food and water in plastic cages at 

21°C±2°C and kept on a 12-hour light/dark cycle.

cT26 xenograft model
Mice received subcutaneous injections of CT26 cells (5×105 

cells in 100 µL PBS). Tumor growth was evaluated by mea-

suring the length and width of the tumor mass with calipers 
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every 2 days. P5091 (5, 10 mg/kg, intraperitoneal every day) 

was administrated from day 3 onward. Intraperitoneal 

injected anti-PD-1 (5 mg/kg, every 3 days) was used as a 

positive control. Tumor volumes were measured and calcu-

lated using the equation volume = a*b2/2, where “a” is the 

maximal width and “b” is the maximal orthogonal width. 

On the 15th day, mice were weighed and euthanized and the 

tumors were removed and weighed.

rT-Pcr
Total RNA from tissue samples was isolated using TRIzol 

reagent, according to the supplier’s instructions. Total RNA 

was reverse transcribed into cDNA using Superscript II 

enzyme and oligo (dT) (Thermo Fisher Scientific). RT-PCR 

was performed with the Bio-Rad Real-Time PCR Detection 

System (Bio-Rad, CFX Connect™ SYBR® Green Supermix 

[Bio-Rad, 1708880, Bio-Rad Laboratories Inc., Hercules, 

CA, USA]) and threshold cycle numbers were obtained using 

Bio-Rad CFX Manager Software (Bio-Rad). The program for 

amplification was 1 cycle of 95°C for 5 minutes followed by 

40 cycles of 95°C for 10 seconds, 60°C for 25 seconds, and 

95°C for 10 seconds. Actin was used as an internal control. 

The primer sequences used in this study were as follows: 

m-β-Actin forward 5′-TGCTGTCCCTGTATGCCTCT-3′; 
reverse 5′-TTTGATGTCACGCACGATTT-3′.
 m-IFN-γ forward 5′-TGAGTATTGCCAAGTTT 

GAGGTCA-3′; reverse 5′-CGGCAACAGCTGGTG 

GAC-3′.
 m-IL-10 forward 5′-AATAAGGTTTCTCAAGG 

GGCT-3′; reverse 5′-AGAACCAAGACCCAGAC 

ATCAA-3′.
 m-TNF-α forward 5′-CGAGTGACAAGCCTGTA 

GCCC-3′; reverse 5′-GTCTTTGAGATCCATGCC 

GTTG-3′.

immunohistochemistry
Formalin-fixed paraffin-embedded tissue sections were 

deparaffinized in xylene, rehydrated through graded ethanol, 

and then boiled for 10 minutes in citrate buffer (10 mM, 

pH 6.0) for antigen retrieval. Endogenous peroxidase activity 

was suppressed by exposure to 3% hydrogen peroxide for 

10 minutes. Slides were then blocked with 3% goat serum 

(Life Technology, 16210-064, Carlsbad, CA, USA) and 

incubated with diluted PCNA, Granzyme B, or IFN-γ pri-

mary antibodies for 2 hours at room temperature at 37°C. 

They are then incubated with streptavidin-HRP (Shanghai 

Gene Company, GK500705, Shanghai, People’s Republic of 

China) for 40 minutes, stained with DAB (Shanghai Gene 

Company, GK500705) substrate, and counterstained with 

hematoxylin. Images were acquired by microscopy (Olympus 

IX51, Olympus Corporation, Tokyo, Japan).

TUnel assay
Paraffin-embedded tumor sections were stained with 

TUNEL-FITC (1:50) and then stained with DAPI for 

2 minutes. Images were acquired using a fluorescence micro-

scope (Olympus IX51).

Flow cytometry analysis
The murine spleen cells and lymph nodes cells were extracted 

and stimulated using PMA, ionomycin, and protein transport 

inhibitor (Thermo Fisher Scientific) for 4 hours. At the end 

of stimulation, the cells were permeabilized using fixation 

buffer and 1× permeabilization buffer (Thermo Fisher 

Scientific). The following antibodies were used for flow 

cytometry: anti-IFN-γ-APC, anti-FOXP3-FITC, and anti-

CD4-PE (Thermo Fisher Scientific). Single-cell suspensions 

were examined on a FACS Fortessa (BD, San Jose, CA, 

USA), and the data were analyzed using FlowJo software 

(FlowJo LLC, Ashland, OR, USA). For sorting, cells were 

stained with anti-CD4-PE and anti-FOXP3-FITC and double-

positive cells were collected.

cytokine measurement
Cytokines in the serum including IL-10, TNF-α, and IFN-γ 

(R&D Systems, Inc., Minneapolis, MN, USA) were measured 

using enzyme-linked immunosorbent assay kits according to 

the manufacturer’s instructions.

statistical analysis
All of the experimental data are presented as the mean ± 

standard error of the mean. The statistical significance of 

the differences between two groups was determined using 

Student’s unpaired t-test, and multiple comparisons were 

analyzed using one-way analysis of variance followed by 

Dunnett’s post hoc test using GraphPad Prism 5.0 software 

(GraphPad Software, Inc., La Jolla, CA, USA). P,0.05 was 

taken to indicate statistical significance.

Results
P5091 treatment suppressed colon 
cancer growth in vivo
To examine the antitumor activity of P5091 in comparison 

with anti-PD-1 in vivo, a mouse xenograft model of CT26 

cells in BALB/C mice was employed. As shown in Figure 1A, 

P5091 inhibited the growth of CT26 xenografts in a dose-

dependent manner, as evidenced by tumor volume and the 

fact that a high-dose treatment of P5091 had the same effect 
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as anti-PD-1 treatment. The appearance of the tumor after 

dissection also showed that P5091 and anti-PD-1 treatment 

could shrink tumor volume (Figure 1B). Moreover, the 

tumor weight dropped from 1.38 g (control group) to 0.62 g 

(10 mg/kg P5091), while the anti-PD-1 group decreased to 

0.75 g (Figure 1C). Both P5091 and anti-PD-1 treatment 

exhibited low toxicity, as no significant bodyweight loss 

was induced in tumor-bearing mice by either treatment 

(Figure 1D).

P5091 lead to enhanced proliferation 
inhibition and apoptosis in tumor tissues
To further confirm the tumor inhibition effect of P5091, 

we next tested the proliferation and apoptosis of tumor 

tissues from each group. A typical pathological character-

istic of malignancy, which was shown by H&E staining, 

was observed in resected specimens of CT26 from the 

control group. The P5091 group showed massive cancer 

cell damage, such as condensation of the cytoplasm and 

pyknosis of nuclei. Interestingly, 10 mg/kg P5091 treat-

ment, the high-dose group, showed more extensive cell 

damage compared to the anti-PD-1 treatment (Figure 2A). 

Immunohistochemistry staining of PCNA, a marker for 

tumor growth, showed that P5091 obviously decreased 

the protein levels. Meanwhile, PCNA expression in the 

10 mg/kg P5091 group was decreased to a level similar 

to that in the anti-PD-1 group (Figure 2B). TUNEL stain 

showed that massive apoptotic nuclei in the 10 mg/kg 

P5091- and anti-PD-1-treated groups (Figure 2C). Further, 

P5091 treatment also triggered cleavage of PARP and 

caspase-3 in a dose-dependent manner (Figure 2D). All 

of these results proved that both P5091 and anti-PD-1 

treatment enhanced tumor proliferation inhibition and 

apoptosis in vivo.

Figure 1 UsP7 inhibition by P5091 decreases tumor load in cT26 xenograft.
Notes: The mice were subcutaneously injected with 5×105 cT26 colon cancer cells and treated with anti-PD-1 (5 mg/kg ip every 3 day) and P5091 (5, 10 mg/kg intraperitoneal 
every day) from day 3 onward. Tumor volume was measured every 2 days (A). After the mice were sacrificed, solid tumors were separated. Dissected tumors coming from 
control (PBs-treated) mice, anti-PD-1-treated (5 mg/kg) mice, and P5091-treated (5 or 10 mg/kg) mice were weighed (B) and photographed (C). (D) Body weight changes of 
tumor-bearing mice in each group. results were shown as mean ± seM (n=8), and a significant difference between treatment and control groups was indicated by *P,0.05, 
**P,0.01.
Abbreviation: seM, standard error of the mean.
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P5091 treatment promoted iFn-γ and 
TnF-α and suppressed il-10 expression
To determine the underlying mechanism of how P5091 could 

suppress colon tumor growth in vivo besides its direct effect 

on cell cytotoxicity reported before, our study here focused on 

the effect of P5091 on antitumor immunity. First, we examined 

the levels of anti-inflammatory cytokine IL-10 and proin-

flammatory cytokines IFN-γ and TNF-α as IFN-γ and TNF 

produced by cytotoxic T lymphocytes (CTLs) were crucial for 

the elimination of established mouse tumors, which could be 

Figure 2 P5091 treatment decreases tumor proliferation and increases apoptosis in tumor tissue.
Notes: (A) Paraffin sections of tumor tissues from mice were analyzed by H&E staining. Six samples were analyzed in each group. (B) Paraffin sections of tumor tissues from 
mice were analyzed by immunohistochemistry staining. (C) apoptosis of tumor cells were analyzed by TUnel staining. representative images are shown. scale bar: 50 µm. 
(D) expression of ParP and cleaved-caspase-3 was detected by Western blotting. results shown as mean ± seM (n=3), and a significant difference between treatment and 
control groups was indicated by *P,0.05, **P,0.01.
Abbreviations: C-caspase-3, cleaved-caspase-3; H&E, hematoxylin and eosin; PCNA, proliferating cell nuclear antigen.
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counterbalanced by IL-10.22,23 As shown in Figure 3A and B, 

both P5091 and anti-PD-1 treatment boosted the mRNA and 

protein levels of IFN-γ and TNF-α in tumor tissue and serum, 

respectively. However, anti-PD-1 treatment had little effect on 

IL-10 expression, which may due to its effect mainly being 

centered on T-cells (Figure 3A and B). It has been reported 

that PD-1 blockade could promote IL-10 release in ovarian 

cancer, which is thought to be one of the adaptive resistance 

mechanisms that undermine the efficacy of anti-PD-1 therapy.24

P5091 treatment promoted the cD4+ 
and cD8+ T-cell-mediated antitumor 
immune response
IFN-γ secreted by CD4+ and CD8+ T-cells carries out its antitu-

mor immunity by direct cytotoxicity to tumor cells, triggering 

either Fas-mediated targeted cell death or perforin-induced 

cytolysis. Taking this into account, we tested the cytotoxicity 

of CD4+ and CD8+ T-cells by IFN-γ staining. The intracellular 

stain showed a significant increase of IFN-γ expression in both 

CD4+ and CD8+ T-cells in the P5091- and anti-PD-1-treated 

groups (Figure 4A and B). These results showed that P5091 and 

anti-PD-1 treatment boosted the antitumor immune response.

P5091 treatment inhibited FOXP3+ Treg 
function in the tumor microenvironment
FOXP3+ Treg cells are known to suppress protective host 

immune responses to a wide variety of solid tumors. We next 

tried to find out the effect of P5091 on the function of 

FOXP3+ Treg cells. The intracellular stain showed a sig-

nificant decrease in FOXP3 expression in CD4+ T-cells in 

the P5091-treated group, while no change was observed 

in anti-PD-1 group (Figure 5A and B). Western blot also 

showed the same tendency of FOXP3 expression in CD4+ 

T-cells (Figure 5C and D). Taken together, P5091 treatment 

not only boosted the antitumor immune response but also 

suppressed the protective host immune response in the tumor 

microenvironment.

Discussion
The deubiquitinating enzyme USP7 plays a critical role in 

its substrate proteins’ involvement in tumors, DNA repair, 

immune response, viral recognition, and so on.25,26 Deregu-

lation of USP7 has been implicated in the pathogenesis of 

many human diseases, including cancer. USP7 promotes 

cell proliferation through the stabilization of Ki-67 protein 

in non-small-cell lung cancer cells.27 USP7 inhibitors hold 

promise as a new strategy for the treatment of cancer. It is 

reported that USP7 inhibitors sensitize various cancer cells 

to PARP-inhibitor drugs.28,29 In addition, small-molecule 

compounds that inhibit USP7 deubiquitinating activity 

induce cancer cell line apoptosis via the p53 pathway.30,31 

P5091 is a reported selective USP7 inhibitor and it inhibited 

Wnt-β-catenin pathway and contributes to the apoptosis of 

colon cancer cells.32 Our study here aimed to examine the 

α γ

α γ

Figure 3 effect of P5091 treatment on il-10, TnF-α, and iFn-γ levels in the serum and tumor tissue.
Notes: (A) mrna expression of il-10, TnF-α, and iFn-γ in tumor tissue were detected by rT-Pcr. (B) The serum of the mice in each group was taken and cytokine 
levels were analyzed by elisa. Data are presented as mean ± seM (n=8). *P,0.05, **P,0.01 vs control group.
Abbreviations: elisa, enzyme-linked immunosorbent assay; rT-Pcr, real-time Pcr; seM, standard error of the mean.
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γ
γ

γ
γ

Figure 4 P5091 treatment elevated the ratio of iFn-γ-producing cD4+ and cD8+ cells in tumor-bearing mice.
Notes: (A) spleen cells from tumor-bearing mice were extracted and subjected to intracellular staining of iFn-γ in cD4+ or (B) cD8+ population. **P,0.01 vs control group.

effect of P5091 on antitumor immunity and its possible role 

in cancer immunotherapy.

In our study, we found that P5091 promoted colon cancer 

cell apoptosis and death in CT26 xenografted mice and that 

the effect was similar when compared to an anti-PD-1-treated 

group. In the mechanism study, we confirmed the direct effect 

of P5091 on both the CT26 and HCT116 cancer cell line 

(data not shown). It has been reported that USP7 inhibition 

by P5091 for CRC inhibition is p53-independent.32 Both p53 

and PTEN show no mutation in CT26.33 Also, the antitumor 

immunity in the microenvironment was specifically exam-

ined. A previous study reported by others showed that USP7 

knockdown by RNA interference impaired FOXP3+ Treg 

function and promoted antitumor immunity.19 The results 

from in vivo experiments showed boosted expression of 

IFN-γ in both CD4+ and CD8+ T-cells, which reflected 

an increase in cytotoxicity and the function of T-cells by 

P5091 treatment. Furthermore, P5091 also inhibited FOXP3 

expression in CD4+ T-cells, indicating an impaired immune 

tolerance in the tumor microenvironment. Based on the 

Figure 5 P5091 treatment reduced Tregs population with decreased protein level of FOXP3.
Notes: (A, B) spleen cells from tumor-bearing mice were extracted and subjected to intracellular staining of FOXP3 in cD4+ population. (C, D) The protein level of 
FOXP3 in cD4+ T-cells isolated via FACS sorting was examined by Western blotting. *P,0.05, **P,0.01 vs control group.
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findings by others and our study, we think that P5091 can 

both directly kill the cancer and boost the antitumor immunity 

for cancer growth inhibition (one stone, two birds).

Currently, therapeutic mAbs such as anti-PD-1 for boost-

ing immunity are widely used for the treatment of cancer in 

clinical trials. Moreover, there is a tendency to combine che-

motherapeutic drugs and mAb treatment for cancer patients, 

as the former always lead to impaired immunity. However, 

deficiencies of mAbs, such as inadequate pharmacokinetics 

and tissue accessibility, high economic cost, and side effects 

including cytokine storms, limit their use to some extent.

Thus, more effective and economic compounds for 

immunity promotion imperatively need to be explored. More-

over, adaptive resistance mechanisms such as IL-10 release 

after anti-PD-1 treatment could also cripple its efficacy.24 

Our research showed that Tregs can be restrained by USP7 

inhibition, resulting in the decrease of IL-10, which suggest 

that USP7 inhibitors may be a new option for colon cancer 

combination therapy such as combination with anti-PD-1. 

Taken together, the study here proposes that USP7 may be 

a new target for immune regulation in cancer treatment.

Disclosure
The authors report no conflicts of interest in this work.
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