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摘要

目的：白细胞介素 2（interleukin-2，IL-2）在免疫系统起关键调控的作用，是作为第一个上市的肿瘤

免疫疗法的药物。IL-2 发挥生物活性主要是结合细胞表面的 IL-2 受体，IL-2 结合三受体复合物

（IL-2Rαβγ）作用于调节 T细胞（Treg），起到抑制免疫的作用；也可以结合二受体复合物（IL-2Rβγ）

作用于效应细胞，从而激活免疫。IL-2 在免疫系统具有的双调控作用严重限制了其在临床广泛的应

用。如何对 IL-2 进行改造，增强其作用偏好性，对于提高 IL-2 临床疗效是至关重要的。IL-2v 是一

种选择性激活抗肿瘤效应细胞的细胞因子，胞外-5’-核苷酸酶（CD73）是一种代谢免疫检查点，广

泛存在于肿瘤细胞的表面，对于促进肿瘤的进展具有重要的作用。因此，本研究的目的是将新型免

疫检查点 CD73抗体与 IL-2v进行融合，利用大肠杆菌表达系统表达纯化，并探索其在肿瘤治疗中的

作用，为现有的 IL-2 免疫治疗策略的优化提供临床前证据。

方法：利用分子克隆技术构建 pET-22b(+)-mCD73-IL2v 原核表达质粒， pET-22b(+)-IL2、

pET-22b(+)-mCD73-IL2 作为对照质粒，通过大肠杆菌表达系统将其表达纯化。利用表面等离子共振

技术（SPR）检测 mCD73-IL2v与不同受体的亲和力，初步验证 mCD73-IL2v的活性；利用 YT细胞

系模型验证 mCD73-IL2v对 YT细胞下游信号通路 pSTAT5的激活水平，分析 mCD73-IL2v的偏好作

用；分离 C57BL/6 健康小鼠脾脏组织中的 CD3+T细胞，利用流式检测 mCD73-IL2v对于原代 CD8+T

细胞的耗竭的影响；建立黑色素肿瘤 B16小鼠模型，探究 mCD73-IL2v对于黑色素肿瘤 B16的治疗

作用，检测 mCD73-IL2v对于荷瘤小鼠脾脏组织中 T淋巴细胞比例及 CD8+T细胞耗竭程度，另外，

通过酶联免疫吸附（ELISA）实验进行了 mCD73-IL2v 对于荷瘤小鼠的毒性评价。

结果：（1）利用大肠杆菌表达体系表达纯化 mCD73-IL2v、mCD73-IL2、IL-2 三种蛋白，通过质谱

检测蛋白覆盖率，三种蛋白的覆盖率分别为分别为 91.6 %、100 %、83.5 %，成功表达出三种蛋白。

（2）利用 SPR技术检测mCD73-IL2v、mCD73-IL2、IL-2蛋白与相关受体的亲和力，IL-2与mCD73-IL2

与 IL2Rα的亲和力分别为 2.64×10-8M 以及 1.84×10-8M，而 mCD73-IL2v 不与 IL2Rα结合。IL-2、

mCD73-IL2 及 mCD73-IL2v 与 IL2Rαβγ三聚体亲和力分别为 2.22×10-11、4.03×10-11、1.40×10-10M。

（3）对于 YT-CD25模型，mCD73-IL2v激活 pSTAT5的 EC50为 3.076 nM，IL-2和 mCD73-IL2分别

为 0.04895 nM、0.06570 nM。对于 YT 模型，mCD73-IL2v 激活 pSTAT5 的 EC50为 1.316 nM，IL-2

和 mCD73-IL2 分别为 1.238 nM、1.460 nM；（4）与 IL-2 组相比，mCD73-IL2v治疗组原代 CD8+T

细胞耗竭标志物 PD1、LAG3 及 Tim3比例分别降低 1.3倍（75 %）、1.1倍（77 %）、2.9倍（16.5 %）

（5）mCD73-IL2v 治疗组荷瘤小鼠脾脏中的 CD8+T 细胞及 NK细胞的比例达到 47.7 %和 6.50 %，

而 PBS 组和 IL-2 组分别为 23.7 %、30.5 %和 1.88 %、3.45 %；（6）与 PBS 组相比，mCD73-IL2v

治疗组荷瘤小鼠的脾脏中的CD8+T细胞耗竭标志物PD1、LAG3及Tim3比例分别降低2.5倍（3.92 %）、
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2.6倍（3.5 %）、2.9倍（2.97 %）；（7）mCD73-IL2v治疗组荷瘤小鼠血清中的 TNF-α浓度为 16.84

pg/mL，而 PBS、IL-2、mCD73-IL2对照组分别为 15.44、22.43、21.00 pg/mL。mCD73-IL2v治疗组

荷瘤小鼠血清中的 IFN-γ浓度为 60.32 pg/mL，PBS、IL-2、mCD73-IL2对照组分别为 43.96、81.58、

64.82 pg/mL。

结论：综上所述，本研究通过大肠杆菌包涵体成功表达纯化出高纯度，活性较高的 mCD73-IL2v 融

合蛋白，并通过细胞实验和动物实验证明 CD73抗体与 IL-2v在免疫治疗方面具有协同作用。我们基

于YT细胞模型发现mCD73-IL-2v可消除对 IL-2受体三聚体的激活倾向性，因此可能避免激活Tregs，

并且可延缓原代 CD8+T细胞耗竭；mCD73-IL2v 还可延缓黑色素实体瘤 B16的进展，可以上调荷瘤

小鼠脾脏组织中的效应 T细胞的比例以及下调调节性 T细胞的比例；mCD73-IL2v 还可延缓荷瘤小

鼠脾脏组织中的 CD8+ T 细胞的耗竭程度；同时 mCD73-IL2v 还可以下调荷瘤小鼠血清中 IFN-γ，

TNF-α促炎因子的浓度，从而减轻毒性作用。

关键词：白细胞介素 2；胞外-5′-核苷酸酶；蛋白表达；肿瘤免疫
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Abstract

Objective: Interleukin-2 (IL-2) plays a critical regulatory role in the immune system and is the first drug

approved as a tumor immunotherapy. IL-2 exerts its biological activity mainly by binding to the IL-2

receptor on the cell surface. The binding of IL-2 to the trimeric receptor complex (IL-2Rαβγ) affects

regulatory T cells (Treg), playing an inhibitory role in the immune system; it can also bind to the dimeric

receptor complex (IL-2Rβγ) to act on effector cells, thereby activating the immune system. The dual

regulatory role of IL-2 in the immune system severely limits its widespread clinical application. How to

modify IL-2 to enhance its preferential activity is crucial for improving the clinical efficacy of IL-2. IL-2v

is a cytokine that selectively activates anti-tumor effector cells, and Ecto-5′-Nucleotidase (CD73) is a

metabolic immune checkpoint that is widely present on the surface of tumor cells and plays an important

role in promoting tumor progression. Therefore, the purpose of this study is to fuse the novel immune

checkpoint CD73 antibody with IL-2v, express and purify it using the E. coli expression system, and

explore its role in tumor treatment, providing preclinical evidence for the optimization of existing IL-2

immunotherapy strategies.

Method: Utilizing molecular cloning techniques, the prokaryotic expression plasmid

pET-22b(+)-mCD73-IL2v was constructed, with pET-22b(+)-IL2 and pET-22b(+)-mCD73-IL2 serving as

control plasmids. The expression and purification were carried out through the E. coli inclusion body

expression system. The affinity of mCD73-IL2v with various receptors was detected using Surface

Plasmon Resonance (SPR) technology, and the activity of mCD73-IL2v was preliminarily verified. The

activation level of the downstream signaling pathway pSTAT5 in YT cells by mCD73-IL2v was validated

using the YT cell line model, and the preferential effect of mCD73-IL2v was analyzed. CD3+ T cells were

isolated from the spleen tissue of healthy C57BL/6 mice, and the impact of mCD73-IL2v on the depletion

of primary CD8+ T cells was detected by flow cytometry. A melanoma B16 mouse model was established

to explore the therapeutic effect of mCD73-IL2v on melanoma B16, and the proportion of T lymphocytes

and the degree of CD8+ T cell depletion in the spleen tissue of tumor-bearing mice were detected.

Additionally, the toxicity evaluation of mCD73-IL2v on tumor-bearing mice was conducted through

Enzyme-Linked Immunosorbent Assay (ELISA) experiments.

Results: (1) Using the E. coli inclusion body expression system, three proteins, mCD73-IL2v, mCD73-IL2,

and IL-2, were expressed and purified. The protein coverage rates were determined by mass spectrometry,

with the coverage rates for the three proteins being 91.6 %, 100 %, and 83.5 % respectively, successfully

expressing all three proteins. (2) The affinity of mCD73-IL2v, mCD73-IL2, and IL-2 proteins with their

respective receptors was measured using SPR technology. The affinities of IL-2 and mCD73-IL2 with

IL2Rα were 2.64×10-8 M and 1.84×10-8 M respectively, while mCD73-IL2v did not bind to IL2Rα. The
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affinities of IL-2, mCD73-IL2, and mCD73-IL2v with the IL2Rαβγ trimer were 2.22×10-11, 4.03×10-11, and

1.40×10-10 M respectively. (3) For the YT-CD25 model, the EC50 for mCD73-IL2v activation of pSTAT5

was 3.076 nM, while for IL-2 and mCD73-IL2, they were 0.04895 nM and 0.06570 nM respectively. For

the YT model, the EC50 for mCD73-IL2v activation of pSTAT5 was 1.316 nM, while for IL-2 and

mCD73-IL2, they were 1.238 nM and 1.460 nM respectively. (4) Compared with the IL-2 group, the

mCD73-IL2v treatment group showed a reduction in the proportion of exhaustion markers PD1, LAG3,

and Tim3 on primary CD8+ T cells by 1.3-fold (75 %), 1.1-fold (77 %), and 2.9-fold (16.5 %) respectively.

(5) In the mCD73-IL2v treatment group, the proportion of CD8+ T cells and NK cells in the spleens of

tumor-bearing mice reached 47.7 % and 6.50 %, while in the PBS and IL-2 groups, they were 23.7 %,

30.5 % and 1.88%, 3.45 % respectively. (6) Compared with the PBS group, the mCD73-IL2v treatment

group showed a reduction in the proportion of exhaustion markers PD1, LAG3, and Tim3 on CD8+ T cells

in the spleens of tumor-bearing mice by 2.5-fold (3.92 %), 2.6-fold (3.5 %), and 2.9-fold (2.97 %)

respectively. (7) The concentration of TNF-α in the serum of tumor-bearing mice in the mCD73-IL2v

treatment group was 16.84 pg/mL, while in the PBS, IL-2, and mCD73-IL2 control groups, they were

15.44, 22.43, and 21.00 pg/mL respectively. The concentration of IFN-γ in the serum of tumor-bearing

mice in the mCD73-IL2v treatment group was 60.32 pg/mL, while in the PBS, IL-2, and mCD73-IL2

control groups, they were 43.96, 81.58, and 64.82 pg/mL respectively.

Conclusion: In summary, this study successfully expressed and purified high-purity, highly active

mCD73-IL2v fusion protein through E. coli inclusion bodies, and demonstrated through cellular and animal

experiments that CD73 antibodies and IL-2v have a synergistic effect in immunotherapy. Based on the YT

cell model, we found that mCD73-IL-2v can eliminate the activation preference for the IL-2 receptor trimer,

thus potentially avoiding the activation of Tregs and delaying the exhaustion of primary CD8+ T cells;

mCD73-IL2v can also delay the progression of melanoma B16, increase the proportion of effector T cells

and decrease the proportion of regulatory T cells in the spleen tissue of tumor-bearing mice; mCD73-IL2v

can also delay the exhaustion of CD8+ T cells in the spleen tissue of tumor-bearing mice; at the same time,

mCD73-IL2v can downregulate the concentration of pro-inflammatory factors IFN-γ and TNF-α in the

serum of tumor-bearing mice, thereby reducing the toxic effects.

Key words: Interleukin-2; Ecto-5′-Nucleotidase; Protein expression; Tumor immunity
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