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一.材料 1.报名信息简表



博士学位研究生网上报名信息简表
 

报名号 8711200000

基本信息

姓名 贾 姓名拼音 jiyyyyyy

证件类型 (01)居民身份证 证件号码 13100000000000

出生日期 1900000 性别 (2)女

婚姻状况 (2)已婚 现役军人 (0)非现役军人

民族 (01)汉族 政治面貌 (01)中国共产党党员

出生地 (131082)中国

籍贯地 (131082)中国

户口所在地 (110101)北京xxx

档案所在地 (110112)北京xxxx

档案所在单位 北京xxxx

档案所在单位地
址 北xxxxx

档案所在单位邮
政编码 101149

考生来源 (32)其他专业技术人员

现学习工作单位
性质 (24)医疗卫生单位

现学习工作单位 胸xxxxxxxx

报名网址：https://yz.chsi.com.cn/bsbm/

下载时间:2023-10-25 11:17:16
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学习与工
作经历

何时何地何原因
受过何种奖励或
处分

无

发表的主要学术
论文和著作 -

起止年月 学习与工作经历(高中毕业后起) 任何职务

2022年6月至今 高中写起，无断档 无

家庭主要
成员

姓名 与本人关系 在何单位工作或学习、任何职务 联系电话

xxxx xx 北xxxxxx 无

报名网址：https://yz.chsi.com.cn/bsbm/

下载时间:2023-10-25 11:17:16
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学历学位
信息

最后学位 (310)医学硕士

最后学历 (2)硕士研究生

取得本科学历的学习形
式

本科毕业单位所在省市

本科毕业单位

本科毕业专业

本科毕业年月 本科毕业证书编号

学士学位单位所在省市

获学士学位单位

学士学位专业

获学士学位年月 学士学位证书编号

硕士毕业单位所在省市 (11)北京市

硕士毕业单位 (87112)北xxxxxx

硕士毕业专业 (100201)内科学

硕士毕业年月 2023-03 硕士毕业证书编号 1234

在校生注册学号

获硕士学位方式 (1)学历教育

硕士学位单位所在省市 (11)北京市

获硕士学位单位 (87112)北xxxx

硕士学位专业 (100201)内科学

获硕士学位年月 2023-04 硕士学位证书编号 1xxxx234

联系信息

通信地址 北关大街9号

邮政编码 101149

固定电话 13xxxxxxxx87 移动电话 13xxxxxxx87

电子信箱 yuxxxxxxxx@163.com

报名网址：https://yz.chsi.com.cn/bsbm/

下载时间:2023-10-25 11:17:16

全日制

北京市

xxx

xxx

xxxxx xxxxxxx

xxx

xxxx

xxxx

xxxx xxxx

仅在校生填写
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报考信息

报考单位 (87112)北京市结核病胸部肿瘤研究所

报考院系所 (000)不区分院系所

报考专业 (100201)内科学

报考研究方向 (07)肿瘤核医学，心血管核医学
，神经核医学 报考学习方式 (1)全日制

报考博导姓名 李翔

考试方式 (99)申请考核 专项计划 (0)无

报考类别 (11)非定向就业

定向就业单位所在地

定向就业单位

外国语 (1001)申请考核英语笔试

业务课一 (2002)申请考核理论笔试-内科学

业务课二 (3001)申请考核应用能力笔试

备用信息

备用信息

备用信息1

备用信息2

备用信息3

其他
报名时间 2023-10-24 15:25:46 最后修改时间

考生登录用户名 13720054687 报名信息简表生成时间 2023-10-25 11:17:16

报名网址：https://yz.chsi.com.cn/bsbm/

下载时间:2023-10-25 11:17:16
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    请根据招生单位要求在规定时间内提供其他相关材料

本人自述(包括政治表现、外语水平、业务和科研能力，可另附页说明)

考生所在单位人事部门意见(需注明同意报考何种类别的博士生：定向就业、非定向就业)

  负责人签名：          年  月   日    单位盖章     年   月  日

郑重承诺以下事项：
1、我保证所提交的信息(包括本人所提供的所有申请材料)真实准确，并保证与网上填报信息一致，信息修改
、虚假或错误由本人自负；
2、自觉服从考试组织部门的统一安排，接受监考人员的检查、监督和管理；
3、保证在考试中诚实守信，自觉遵守国家有关研究生招生考试法规、考试纪律和考试规则，如有违法、违
纪、违规行为，自觉服从监考人员根据国家有关规定所作出的处罚决定，接受处罚。

        考生（承诺人）签名：          年  月   日

报名网址：https://yz.chsi.com.cn/bsbm/

下载时间:2023-10-25 11:17:16

自行填写

电子版无需盖章签名，最迟面试前需提交盖章签字版

考生承诺签字供现场审核
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二.材料 2.身份证正反面复印后扫描件
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复印在1页后扫描



三.材料3.本科和硕士学历、学位证书，应届生在读证明
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报考北京市结核病胸部肿瘤研究所博士研究生

在 读 证 明

兹证明 ，身份证号 ，

男/女， 年 月 日出生，自 年 月起

在 大学 学院 专业攻读硕士学

位研究生，培养类型为 学位(学术学位/专业学位)，

学制 年，录取类别为 （定向/非定向），拟

于 年 月毕业。

（大学/学院）研究生院（部/处）（盖章）

年 月 日

不能空项目
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四.材料 4.本科和硕士成绩单
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 性别： 女  

院系： 结核病胸部肿瘤所

 

姓名： xxxxx

学制：

 本科生成绩单

 3

学号： TB20210420xx 

年级： 2021

专业： 免疫学 研究方向： 

序号 课程编码 课程名称 课程性质 学分 成绩 学年 学期 备注

1 BIEN05006 应用生物信息学 学位必修* 3.0 79 2021 秋

2 BIOL05056 免疫学实验设计与实验技术 学位选修 3.0 96 2021 秋

3 CULT00007 科研诚信与学术道德 公共选修 1.0 100 2021 秋

4 PUBL05003 马克思主义在当代 公共必修* 2.0 90 2021 秋

5 PUBL05004 马克思主义经典著作选读 公共必修* 1.0 88 2021 秋

6 PUBL05022 博士生英语 公共必修* 3.0 85 2021 秋

加*的为必修课

应修学分： 20.0 必修课加权平均分： 84.44

已修学分： 13.0 专业课加权平均分： 0.00

研究生院培养办公室

2023-09-06
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 性别： 女

 硕士研究生成绩单

 

院系： 结核病胸部肿瘤所

 

姓名： xxxxx

学制：

导师：xx

 3

学号： TB20210420xx 

年级： 2021

专业： 免疫学 研究方向： 

序号 课程编码 课程名称 课程性质 学分 成绩 学年 学期 备注

1 BIEN05006 应用生物信息学 学位必修* 3.0 79 2021 秋

2 BIOL05056 免疫学实验设计与实验技术 学位选修 3.0 96 2021 秋

3 CULT00007 科研诚信与学术道德 公共选修 1.0 100 2021 秋

4 PUBL05003 马克思主义在当代 公共必修* 2.0 90 2021 秋

5 PUBL05004 马克思主义经典著作选读 公共必修* 1.0 88 2021 秋

6 PUBL05022 博士生英语 公共必修* 3.0 85 2021 秋

加*的为必修课

应修学分： 20.0 必修课加权平均分： 84.44

已修学分： 13.0 专业课加权平均分： 0.00

研究生院培养办公室

2023-09-06
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五.材料 5.思想政治情况表
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注：1.本表可复印使用，手工填写或电子输入均可

首都医科大学

2025 年报考攻读博士学位研究生思想政治情况表

。

2.本表签字盖章后交予录取学院教育处。

报名号

姓名 身份证号

考生

类别

（在方块处划√）

应届硕士生 □

非应届硕士生 □
性别

政治

面貌

常用联系电话
考生学习或

工作单位

报考学校 北京市结核病胸部肿瘤研究所
报考专业

名称

政治思想

工作表现

有无奖励或处分

有无历史问题

考生（应届生）所在单位审核意见：

（学生档案管理部门）公章

联系人：

联系电话：

2023 年 月 日

考生（往届生）所在单位审核意见：

（档案所在单位人事部门）公章

联系人：

联系电话：

2023 年 月 日
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最迟面试前需提供原件供查验
电子版材料若不能提供，此页应为空白页，注明预计提供时间

以校发模版为准



第 3 页 共 4 页

六.材料 6.英语水平成绩单或证明
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七.材料8.取得的科研成果
（1） Xu J, Zanvit P, Hu L, Tseng PY, Liu N, Wang F, Liu O, Zhang D, Jin W, Guo N, Han Y, Yin J, Cain
A, Hoon MA, Wang S, Chen W. The Cytokine TGF-β Induces Interleukin-31 Expression from
Dermal Dendritic Cells to Activate Sensory Neurons and Stimulate Wound Itching. Immunity.
2020 Aug 18;53(2):371-383.e5. doi: 10.1016/j.immuni.2020.06.023. Epub 2020 Jul 15. PMID:
32673566; PMCID: PMC7362873.

（2）JXu RC, Wang F, Sun JL, Abuduwaili W, Zhang GC, Liu ZY, Liu TT, Dong L, Shen XZ, Zhu JM. A
novel murine model of combined hepatocellular carcinoma and intrahepatic cholangiocarcinoma.
J Transl Med. 2022 Dec 9;20(1):579. doi: 10.1186/s12967-022-03791-z. PMID: 36494846; PMCID:
PMC9733131.
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文章1
ll
Article

The Cytokine TGF-b Induces Interleukin-31
Expression from Dermal Dendritic Cells to Activate
Sensory Neurons and Stimulate Wound Itching
Junji Xu,1 Peter Zanvit,1 Lei Hu,2 Pang-Yen Tseng,3 Na Liu,1 Fu Wang,1,4 Ousheng Liu,1,5 Dunfang Zhang,1 Wenwen Jin,1

Nancy Guo,1 Yichen Han,1 Jessica Yin,1 Alexander Cain,1 Mark A. Hoon,3 Songlin Wang,2 and WanJun Chen1,6,*
1Mucosal Immunology Section, NIDCR, NIH, Bethesda, MD 20892, USA
2Molecular Laboratory for Gene Therapy & Tooth Regeneration, Beijing Key Laboratory of Tooth Regeneration and Function Reconstruction,

School of Stomatology, Capital Medical University, Beijing 100050, China
3Molecular Genetics Section, Laboratory of Sensory Biology, NIDCR, NIH, Bethesda, MD 20892, USA
4Dalian Medical University, School of Stomatology, Dalian 114044, China
5Xiangya Stomatological Hospital & School of Stomatology, Central South University, Changsha 410000, China
6Lead Contact
*Correspondence: wchen@mail.nih.gov

https://doi.org/10.1016/j.immuni.2020.06.023
SUMMARY
Cutaneous wound healing is associated with the unpleasant sensation of itching. Here we investigated the
mechanisms underlying this type of itch, focusing on the contribution of soluble factors released during
healing. We found high amounts of interleukin 31 (IL-31) in skin wound tissue during the peak of itch re-
sponses. Il31�/� mice lacked wound-induced itch responses. IL-31 was released by dermal conventional
type 2 dendritic cells (cDC2s) recruited to wounds and increased itch sensory neuron sensitivity. Transfer
of cDC2s isolated from late-stage wounds into healthy skin was sufficient to induce itching in a manner
dependent on IL-31 expression. Addition of the cytokine TGF-b1, which promotes wound healing, to dermal
DCs in vitro was sufficient to induce Il31 expression, and Tgfbr1f/f CD11c-Cre mice exhibited reduced
scratching and decreased Il31 expression in wounds in vivo. Thus, cDC2s promote itching during skin would
healing via a TGF-b-IL-31 axis with implications for treatment of wound itching.
INTRODUCTION

Cutaneous wound healing is a highly coordinated process that

includes production of an ordered and dynamic inflammatory

response involving multiple growth factors and cytokines (Ash-

croft et al., 1999; Keyes et al., 2016; Massagué, 1999; Ross and

Odland, 1968). For most wounds, itching is an unpleasant

symptom that arises in the latter part of the healing process.

Clinically, in patients with more extensive wounds (e.g., burns),

there is more severe and persistent itching (Prasad et al., 2019;

Parnell et al., 2012). Chemically induced itching is evoked by

pruritogens activating primary afferent sensory neurons, which

innervate the skin and have cell bodies in dorsal root ganglia

(DRGs) and trigeminal ganglia. In mice, itch-inducing agents

are detected by two nonoverlapping classes of sensory neu-

rons that are thought, in part, to use the ion channel transient re-

ceptor potential cation channel subfamily V, member 1 (TRPV1)

(Imamachi et al., 2009; Shim et al., 2007). One of these classes

of neurons is marked by the transmitter natriuretic polypeptide

B (NPPB) (Mishra and Hoon, 2013), which may convey pruritic

signals to spinal cord circuits. The second class of neurons is

defined by expression of Mas-related G-protein-coupled re-

ceptor a3 (Mrgpra3; Han et al., 2013), which express several
Imm
第22页,
itch receptors, including Mrgpra3 and Mrgprc11. Activation of

Nppb is sufficient to generate itch behavior (Huang et al.,

2018) and is required for interleukin-31 (IL-31)-induced itching

(Solinski et al., 2019b).

The interaction between the nervous system and the immune

system has been suggested to be critically involved in normal he-

mostasis and pathogenic processes (Chavan et al., 2017). It has

also become increasingly clear that neurological systems regu-

late immune responses through cell-cell contact (Tian et al.,

2009) and/or release of soluble factors (Chavan et al., 2017).

However, few studies have investigated the reverse direction;

i.e., regulation of sensory neurons by the immune system. Spe-

cific inflammatory cytokines have been suggested to influence

itching in skin (Bautista et al., 2014; Jin et al., 2009; Oetjen

et al., 2017), suggesting that inflammation in the skin might

play a role in development and pathogenesis of itching. How-

ever, the primary factor(s) and the underlying mechanisms of im-

mune-mediated itching during wound healing remain elusive.

Here we utilized an experimental mousemodel of wound heal-

ing to investigate the effects of immune responses on itching.We

showed that IL-31, a prominent cytokine implicated previously in

itching (Cevikbas et al., 2014; Dillon et al., 2004), was upregu-

lated in skin wound tissue on the fifth day of healing, when itch
unity 53, 371–383, August 18, 2020 Published by Elsevier Inc. 371共67页
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responses are maximal. We confirmed the itch-promoting ef-

fects of IL-31 on the skin and elucidated that IL-31 increased

expression of the transduction channel TRPV1 and potentiated

calcium influx in DRG neurons. Importantly, we also showed

that the major cellular source of IL-31 production is dermal con-

ventional type 2 dendritic cells (cDC2s).
RESULTS

Itch Responses and Changes in IL-31 Expression Follow
Similar Time Courses during Wound Repair
To determine the progression of itch responses during skin

wound healing, we monitored pruritus elicited by acute wound

healing in humans and mice. For human subjects, we evaluated

pruritus in 12 patients (diagnosed with a superficial cyst or

benign tumor) using questionnaires for pruritus self-assessment

prior to and every other day after surgery, employing a 10-cm vi-

sual analog scale (VAS; see STAR Methods for details). We

observed that, in most patients, pruritus reached a peak on the

fifth day after surgery (Figure 1A). Next we used an experimental

mouse model of skin wound healing (Ashcroft et al., 2000; Fig-

ure S1) and found that, similar to humans, mouse scratching re-

sponses (Video S1) were maximal on the fifth day of healing

(Figure 1B).

To investigate whether there are soluble factor(s) present in

wounded skin produced by immune cells during wound healing,

which might be responsible for itching, we collected tissue and

sequenced RNA transcripts several times before and during

wound healing. For an unbiased analysis, we examined RNA

sequencing (RNA-seq) reads, exploring changes in expression

of all genes and focusing on those whose expression changes

over the course of the healing process. We hypothesized that

the expression of factors contributing to itching would peak at

about the same time as itch responses. Next we examined

genes, based on published literature (Bautista et al., 2014;

Nattkemper et al., 2018; Table S1), that might be involved in

this process. Using these criteria, we uncovered IL-31 as a

candidate for induction of itching after cutaneous incision (Fig-

ures 1C and 1D; Table S2). Confirming our RNA-seq analysis,

real-time quantitative polymerase chain reaction (qPCR) and

ELISA showed that there was increased expression of IL-31

throughout wound healing that peaked on day 5 after incision

(Figure 1E; Figure S2A).
Figure 1. Pruritus Elicited by Acute Wound Healing and IL-31 Is Impor

(A) 12 patients with 1- to 3-cm sterile surgical wounds who experienced pruritis we

day. One-way ANOVA was used for comparisons. Bars represent means ± SEM

(B) A mouse wound healing model was established by making 2 equidistant, 1 cm

number of scratching bouts per 30 min of observation were measured for 7 days f

analyzed with a one-way ANOVA for comparisons. Bars represent means ± SEM

(C and D) Mouse wound skin at different time points was harvested, followed by R

that were significantly changed (p < 0.01) on the fifth day versus other time points o

heatmap (D) shows all the itch-associated genes which changed on the fifth day w

one animal were pooled, and 3 animals were used per time point.

(E) The expression of IL-31 in wounds was confirmed by qPCR. Data are from 3 in

ANOVA for comparisons. Bars represent means ± SEM. ****p < 0.0001.

(F) Itching behaviors of Il31�/� mice during wound healing were compared with

represented as mean ± SEM; two-way ANOVA was used. ****p < 0.0001.

See also Figure S2 and Tables S1 and S2 for more details.

第24页,
IL-31 Is Responsible for Itch Responses during Wound
Healing
If IL-31 is responsible for itch responses during wound healing,

then we predicted that administration of additional IL-31 should

further potentiate these responses. To test this, we injected IL-31

(30 ng/site, intradermally [i.d.]) into wounds starting on day 4 (see

STAR Methods for details). In line with our hypothesis, mice

treated with additional IL-31 displayed a higher number of

scratching bouts compared with untreated animals (Figure S2B).

To further investigate the role of IL-31 in itching during wound

healing, we used Il31�/� mice (Figure S2C). Corroborating a

role of IL-31 in wound-induced itching, Il31�/� mice scratched

much less than wild-type mice on day 5 of wound healing (Fig-

ure 1F). A similar phenomenonwas observedwhen bonemarrow

from Il31�/� mice was transferred into irradiated C57BL/6 recip-

ients (Figures S2D and S2E), indicating that hematopoietic cells,

and possibly leukocytes, might be the main source of secreted

IL-31.

IL-31 Increases Itch Sensory Neuron Sensitivity
Next, using RT-PCR, we compared the gene expression of mole-

cules associated with signal transduction in DRGs that innervate

the wound site between baseline and 5 days after incision. This

comparison uncovered that expressions of Il31ra, Trpv1, and

Nppb was upregulated during healing in sensory neurons,

whereas expression of Trpa1 did not change significantly (Figures

S3A–S3D). Because DRG neurons are a heterogeneous popula-

tion, Trpv1-lineage reporter mice (Trpv1-tdTomato mice) were

also used to enrich for transcripts present in itch sensory neurons

(Mishra et al., 2011). qPCR showed that Il31ra, Trpv1, and Nppb

(Figures 2A–2C) were upregulated in sorted DRGs of Trpv1-line-

age mice (which innervate wounds on day 5 after incision). This

result is consistent with IL-31 being involved in induction of

increased itch sensitivity in sensory neurons. To further test this

hypothesis, we treated mouse DRG sensory neurons in vitro

with IL-31.We found that IL-31 treatment on its ownwas sufficient

to induce upregulation of Trpv1, Il31ra, andNppb expression (Fig-

ures S3E–S3G). In addition, IL-31 treatment for 24 h could poten-

tiate capsaicin (50 nM)-stimulated calcium influx in cultured DRG

neurons (Figures 2D, S3H, and S3I) and could slightly increase the

number of capsaicin-responding neurons in functional assays

(Figure S3J). These results suggest that IL-31 may increase the

expression of key signal transduction molecules in sensory neu-

rons and that it can sensitize these nerves.
tant for Itch during Wound Healing

re surveyed over 7 days and asked to score the level of itching they felt on each

. *p < 0.05.

, full-thickness incisional wounds through the dorsal skin and left to heal. The

ollowing wounding. Data are from 3 independent experiments (n = 9) and were

. *p < 0.05.

NA-seq of the mRNAs. The Venn diagram (C) shows overlapping of the genes

f wound healing and genes related to itching based on published literature. The

ere compared with any other time points. For RNA-seq, 2 wound tissues from

dependent duplicated experiments (n = 12) and were analyzed with a one-way

wild-type mice. Data are pooled from 2 independent experiments (n = 6) and
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Figure 2. IL-31 Increases Itch Sensory Neuron Sensitivity

(A–C) TRPV1+ cells fromDRGs that innervate the fifth day’s wounds in Trpv1-lineage reportermice (Trpv1-tdTomatomice) were sorted by flow cytometry, and the

expression of Il31ra (A), Trpv1 (B), andNppb (C) in these TRPV1+ cells that innervate the fifth day’s woundswere comparedwith TRPV1+ cells that innervate naive

skin in normal controls by qPCR. Data were from 2 independent experiments (n = 5), and each sample was pooled from 2 mice. Student’s t test was used for

comparisons. Bars represent means ± SEM. *p < 0.05, **p < 0.01.

(D) The calcium transient in capsaicin (50 nM)was observed in DRGneurons treatedwith IL-31 (10 ng/mL) for 24 h and in untreated neurons. The solid blue and red

lines were representative images (mean values) and dash lines were individual traces.

(E) Phosphorylation of Stat3 was detected by western blot in DRG neurons treated with IL-31 (10 ng/mL) for 24 h. Data are representative of 3 independent

experiments.

(F) Scratching bouts of mut-Stat3 mice were counted after the first IL-31 injection (1 mg/site, i.d.) and compared with wild-type mice. 8 h after the first IL-31

injection, the second IL-31 injection was administered, and the itching behaviors were again observed. Data were from 2 independent experiments (n = 6) and

analyzed with a two-way ANOVA for comparisons. Bars represent means ± SEM. ****p < 0.0001.

See also Figure S3 for more details.
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Because IL-31, via the IL-31ra receptor, may induce changes

in gene expression and neural activity through a Jak1-mediated

pathway (Zhang et al., 2008), we investigated potential additional

downstream effectors of IL-31 activation. To do this, we

explored, in DRG neurons, which Stat molecules might be regu-

lated by IL-31 treatment. These experiments revealed that IL-31

induces phosphorylation of Stat3 (Figure 2E). If Stat3 phosphor-

ylation is required for potentiation of neuronal activity, then

administration of a specific Stat3 inhibitor should attenuate IL-

31-induced increases in calcium responses to capsaicin.

Indeed, the Stat3 inhibitor S31-201 blocked IL-31-stimulated

increases in calcium influx and the numbers of neurons res-

ponding to capsaicin (Figures S3K–S3M). Furthermore, S31-

201 inhibited IL-31-induced upregulation of Trpv1 and Il31ra

expression (Figures S3N and S3O), indicating that these IL-31-

mediated effects are Stat3 dependent.
374 Immunity 53, 371–383, August 18, 2020
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We wondered how IL-31 acts on itch sensory neurons to alter

gene expression. To investigate this, we tested the effects of IL-

31 on neurons at different time points. We uncovered that Stat3

phosphorylation occurred within 15 min after IL-31 treatment

(Figure S3P), but the increase in Il31ra and Trpv1 expression

was delayed and started between 1 and 3 h later (Figures

S3Q and S3R). Furthermore, when we injected IL-31 (1 mg/site

i.d.) into mutant (mut)-Stat3 mice, the same amount of initial

scratching was observed in mut-Stat3mice as in wild-type con-

trol mice. However, 8 h after the first IL-31 injection, when we

gave a second IL-31 dose, scratching was increased markedly

in wild-type mice but not in mut-Stat3 animals (Figure 2F). In

addition, concordant with results from our experiments with a

Stat3 inhibitor, Il31ra and Trpv1 gene expression in DRGs that

innervate the injected area of skin also showed that IL-31 injec-

tion in vivo could not upregulate these two genes in the short
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Figure 3. Dermal DCs Are a Key Source of IL-31 in Wounds

(A) Il31 gene expression was determined in CD45� cells, CD45+CD3+ cells, and CD45+CD3� cells sorted from fifth-day wounds tissue by qPCR. Data were from 2

independent experiments with 2 samples each time, and each sample was pooled from 4 wounds in 2 mice. Data were analyzed with one-way ANOVA for

comparisons. Bars represent means ± SEM. ****p < 0.0001.

(B) Expression of IL-31 in wounds on the fifth day were tested in Rag1�/� mice and wild-type mice by real-time PCR. Data are from 3 independent experiments

(n = 6), and two-way ANOVA was used for comparison. Bars represent means± SEM.

(C) Scratching behaviors were observed inRag1�/�mice before and on the fifth day of wound healing. Data are from 2 independent experiments (n = 5); Student’s

t test was used. Bars represent means ± SEM.

(D) DCs (CD45+CD3�CD11c+MHC II+), macrophages (CD45+CD3�CD11c�CD11b+F4/80+), granulocytes (CD45+CD3�CD11c�CD11b+F4/80�), and mast cells

(CD45+CD3�CD11c�CD11b�FceR1a+) were sorted from fifth-day wounds, and the expression of Il31 was determined by real-time PCR. Data were from 2

independent experiments with 2 samples each time, and each sample was pooled from 4 wounds in 2 mice. Data were analyzed with one-way ANOVA for

comparisons. Bars represent means ± SEM. ****p < 0.0001.

(legend continued on next page)
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term (within 1 h) but could increase expression over the long

term (8 h) in wild-type mice (Figures S3S and S3T). Notably,

this IL-31-induced upregulation did not occur in mut-Stat3

mice (Figures S3S and S3T). Furthermore, to investigate

whether scratching during wound healing is associated with

Nppb/Npr1, we injected an Nppb receptor agonist, Npr1 (JS-

11, 5 mg/kg intraperitoneally [i.p.]) into mice on day 5 of wound

healing (Solinski et al., 2019a). JS-11-treated mice exhibited

attenuated scratching 15 min after injection (Figure S3U), indi-

cating that the wound-associated itch is Nppb/Npr1 dependent.

Taken together, our results suggest that IL-31 has short-term

effects that are Stat3 independent and has longer-term effects

on neuronal sensitivity, as evidenced by Stat3-dependent

increased Il31ra and Trpv1 expression.

Dendritic Cells Cause Itching during Wound Healing
Wenext investigated the source of IL-31 in the skin duringwound

healing. IL-31 has been classified as a T helper 2 (Th2) cytokine

(Dillon et al., 2004); however, CD3+ T cells sorted fromwound tis-

sues on day 5 after incision expressed much lower Il31 than

CD3� non-T cells within the CD45+ immune cell population (Fig-

ure 3A). Our analysis also revealed that CD45� non-immune cells

expressed minimal Il31 mRNA (Figure 3A). Confirming these re-

sults, the expression of IL-31 detected in wounds from Rag1�/�

mice was the same as in control mice (Figures 3B and S4A), indi-

cating that T cells or B cells are not a major source of IL-31 in

wounds. Again, in line with B and T cells having minimal involve-

ment in wound itching, Rag1�/� mice exhibited similar wound-

induced scratch behaviors as wild-type mice (Figure 3C).

When we further fractionated CD3� non-T cells from wound

skin, we found that dendritic cells (DCs) had higher expression

of Il31 compared with macrophages, granulocytes, and mast

cells (Figure 3D). Moreover, higher numbers of CD11c+ cells

were found in day 5 wounds compared with normal skin (Figures

3E, 3F, and S4B).

If DCs are the major source of IL-31 in wounds, then deple-

tion of DCs in the skin should alleviate itching during wound

healing. To test this, we made a previously characterized

cDC depletion mouse model (Meredith et al., 2012) by transfer-

ring bone marrow from zDCDTR mice, in which human diph-

theria toxin receptor is expressed in cDCs, but not monocytes

or other immune cell populations, into irradiated C57BL/6 hosts

and injecting diphtheria toxin (DT) to specifically deplete cDCs

(Figure S4C). These mice did not exhibit increased itch

behavior during wound healing (Figure 3G), indicating that

cDCs may be the main source of IL-31. Furthermore, Il31

expression in the wounds of these mice was also lower than

in control animals (Figure S4E), but these mice displayed no

change in wound closure and healing (Figure S4D). These re-

sults establish that DCs are the primary source of IL-31, which

causes itching during wound healing.
(E and F) The frequency (E) and numbers (F) of CD11c+ cells from day 5 wounds

independent experiments (n = 5-6), analyzed with Student’s t test for compariso

(G) Itching behaviors during wound healing were observed in diphtheria toxin (D

sequent days) zDCDTR-to-C57BL/6 bonemarrow chimera mice and were compare

type]). Data were pooled from 6 mice for each condition in two independent expe

multiple comparisons. ***p < 0.001.

See also Figure S4 for more details.
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cDC2s Are a Key Source of IL-31 in Wounds
To determine which subset of DCs express IL-31, we next sorted

Langerhans cells (LCs), type 1 cDCs (cDC1s), cDC2s, as well as

macrophages and found that cDC2s expressed the highest level

of Il31 of all of these types of cells (Figure 4A). We further used

LangDTR mice, which express the human DT receptor (DTR)

downstream of the internal stop codon of the Langerin gene, to

deplete LCs (Figures S5A–S5C). We also used a well-character-

izedmonocyte/macrophage depletionmousemodel by crossing

Lys2Cremice andCsf1rDTRmice (Schreiber et al., 2013) (hereafter

called MMDTR mice). In Csf1rDTR mice, a DTR preceded by a

loxP-flanked transcriptional stop element under control of the

Csf1r promoter, expression of Cre recombinase excises the

stop element and allows transcription and translation of DTR in

cells expressing Csf1r, so administering DT to MMDTR mice

could deplete macrophages in the skin (Figures S5D–S5F). Itch

behaviors during wound healing in these two models were

observed. Both models have normal frequencies of cDCs in

the skin (Figures S5A and S5D) and normal itch behavior on

day 5 during wound healing. We also compared Il31 expression

between dermal cDC1s and cDC2 by using CD103 and CD207

as markers to distinguish dermal cDC1s and cDC2s (Kashem

et al., 2017) and found that dermal cDC2s indeed expressed

higher levels of Il31 than cDC1 (Figures S5G andS5H).Moreover,

Il31 mRNA expression in cDC2s from day 5 wounds was much

higher than in cDC2s from normal skin (Figure 4B). The propor-

tions (Figures 4C and 4D) and total numbers of cDC2s (Figure 4E)

were also increased on day 5 after incision compared with

naive skin.

These results suggest that cDC2s are the likely source of Il31,

producing increased scratching duringwound healing. To further

validate this, we examined whether cDC2s are sufficient to elicit

wound-like itching. We purified cDC2s from day 5 wounds or

normal skin and injected them intradermally in uninjured recip-

ient mice (1.5 3 104 cells per site). cDC2s from wound sites

increased scratching in recipient mice 3 h after injection (Video

S2) but cDC2s from normal skin did not (Figure 5A). In addition,

consistent with these cDC2s evoking itching through activation

of an IL-31 process, expression of Il31ra (Figure 5B), Trpv1 (Fig-

ure 5C), andNppb (Figure 5D) was upregulated in DRGs of recip-

ient mice that innervated the skin around cDC2 injection. To

probe whether scratching evoked by dermal cDC2 administra-

tion elicits itching or nociceptive sensations, we turned to the

cheek model (Shimada and LaMotte, 2008). In this model,

scratch responses to intradermal injection of a substance into

the face are interpreted to be caused by itching, whereas wipe

responses are believed to be triggered by nociception (produc-

tion of pain). Consistent with cDCs provoking itching, injection

of cDC2s from day 5 of wound healing into the cheek caused

prominent scratching compared with cDCs from naivemice (Fig-

ure 5E). In contrast, wiping responses were similar for cDCs from
was calculated and compared with those from normal skin. Data were from 3

ns. Bars represent means ± SEM. ****p < 0.0001.

T)-treated (i.p., 500 ng/mouse for the first time and 100 ng/mouse on all sub-

d with DT-treated C57BL/6-to-C57BL/6 bonemarrow chimera mice (WT [wild-

riments and are represented as mean ± SEM. Two-way ANOVA was used for
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Figure 5. Administration of Late Wound Stage Dermal cDC2s Evokes Itch Responses

(A–D) Dermal cDC2s sorted from fifth-day wounds or normal skin was injected intradermally to the dorsal area of normal B6 mice at 15,000 per site, and the

scratching behaviors were counted 3 h after injection (A). The expression of Il31ra (B), Trpv1 (C), and Nppb (D) in DRGs that innervate the back skin around the

dermal cDC2-injected areawas also determined by real-time PCR. Data were from 2 independent experimentswith 3–4mice each time. Student’s t test was used

for comparison. Bars represent means ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

(EandF)Thenumbersof scratchingbehaviors (E)andwipingbehaviors (F)werecountedafter injectionofcDC2s fromfifth-daywoundsornormalskin tocheeksofmice.

Each circle represents one mouse. Data are from 2 independent experiments (n = 8), and Student’s t test was used. Bars represent means ± SEM. ***p < 0.001.

(G) Scratching bouts were counted in recipient mice that were injected with cDC2s from fifth-day wounds of Il31�/� mice or WT mice. Data were pooled from 3

independent experiments (n = 9). Each circle represents one mouse. Student’s t test was used. Bars represent means ± SEM. **p < 0.01.

See also Figure S5 for more information.
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naive and day 5 wounds (Figure 5F). Supporting this conclusion

itch responses evoked by day 5 wound cDC2s from Il31�/� mice

were similar to the behavior elicited by administration of cDCs

from naive skin (Figure 5G). Taken together, these results sug-

gest that cDC2 is the major source of IL-31 in wounds, which

produces itching associated with wound repair.
Figure 4. IL-31 in Wounds Was Mostly from Dermal cDC2s
(A) Macrophages (CD45+CD3�CD11c�CD64+CD11b+F4/80+), LCs (CD45+CD3�

MHC II+), and dermal cDC1s (CD3�CD11c+CD326�CD64�CD11b�MHC II+) were

PCR. Data were from 2–3 independent experiments with 2 samples each time, an

one-way ANOVA for comparisons. Bars represent means ± SEM. ****p < 0.0001

(B) Il31 gene expression in dermal cDC2 from fifth-day wounds was compared

experiments with 2 samples each time, and each sample was pooled from 4 wou

represent means ± SEM. ****p < 0.0001.

(C–E) Flow cytometer analysis showed that the frequency (C and D) and total num

increased in fifth-daywound skin tissues comparedwith normal skin. In (D) and (E)

(n = 5–6), and Student’s t test was used. Bars represent means ± SEM. ****p < 0
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TGF-b Increases IL-31 in Dermal cDC2s
Because cDC2s in healthy skin contain low amounts of IL-31, we

wondered which cues in wounds might be involved in increasing

its expression. The cytokines IL-1b, IL-6, IL-17a, transforming

growth factor b1 (TGF-b1), and tumor necrosis factor alpha

(TNF-a) have been reported to be important participants in
CD11c+CD326+), dermal cDC2s (CD45+CD3�CD11c+CD326�CD64�CD11b+

sorted from fifth-day wounds, and Il31 expression was determined by real-time

d each sample was pooled from 4 wounds in 2 mice. Data were analyzed with

.

with cDC2s from normal skin by real-time PCR. Data are from 3 independent

nds in 2 mice. Data were analyzed with Student’s t test for comparisons. Bars

bers of dermal cDC2s (CD45+CD11c+CD64�CD11b+MHC II+ CD326�) (E) were

, each circle represents onemouse. Data were from 3 independent experiments

.0001.
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Figure 6. TGF-b Increases IL-31 in Dermal cDC2

(A) IL-1b (10 ng/mL), IL-6 (50 ng/mL), IL-17a (10 ng/mL), TGF-b1 (2 ng/mL), and TNF-a (10 ng/mL) were used in vitro to treat cDC2s sorted from healthy skin

individually, and Il31 expression in dermal cDC2s was determined 6 h after treatment. Data were from 3 independent experiments (n = 6), and each circle

represents one culture well. Data were analyzed with one-way ANOVA for comparisons. Bars represent means ± SEM. ***p < 0.001.

(B and C) The expression of Il31 in TGF-b1-treated dermal cDC2s from Tgfbr1-deficient mice (tamoxifen-treated Tgfbr1f/f Ert2-Cre mice) (B) and Smad3�/� mice

(C) were determined and compared with WT dermal cDC2s. Data were from 2 independent experiments (n = 4–8). Each circle represents one culture well, and

two-way ANOVA was used for comparisons. Bars represent means ± SEM. ****p < 0.0001.

(D and E) The wound healing model was set up in Tgfbr1f/f Cd11c-Cre (D) and Smad3�/� mice (E). Itching behaviors were observed in Tgfbr1f/f Cd11c-Cre mice

and Smad3�/� mice and compared with WT controls. Data were from 3 independent experiments (n = 6–8) and represented as mean ± SEM. Two-way ANOVA

was used for comparisons. ***p < 0.001.

(legend continued on next page)
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coordinating wound repair (Barrientos et al., 2008; Mast and

Schultz, 1996). Therefore, we tested the effects of these cyto-

kines on induction of IL-31 expression in isolated dermal

cDC2s in vitro. Unexpectedly, only TGF-b1 substantially

increased Il31 expression in cDC2s from normal skin (Figure 6A).

Consistent with TGF-b1 inducing IL-31 in dermal cDC2s, we

found that TGF-b1 expression was raised between days 3 and

5 after incision (Figure S6A). Because Smad3 is downstream of

canonical TGF-b signaling, we used a TGF-b receptor I (TGF-

bRI) inhibitor (SB431542) or a selective Smad3 inhibitor (SIS3)

under TGF-b1 culture conditions. Corroborating TGF-bRI and

Smad3 as being part of the signal cascade for induction of Il31

expression, their inhibitors reduced induction of IL-31 transcrip-

tion (Figure S6B). Further substantiating the contribution of TGF-

b in induction of IL-31 expression, the increase in Il31 expression

in response to TGF-b is absent in dermal cDC2s from TGF-bRI

global knockout mice (Tgfbr1f/f Ert2-Cre) (Figure 6B) and

Smad3�/� mice (Figure 6C), and in vitro TGF-b1 treatment failed

to increase Il31 expression in dermal cDC2s from these

knockout mice (Figures 6B and 6C). To further investigate the

role of TGF-bRI in DCs during wound healing, we crossed

Cd11c-Cre+ mice with Tgfbr1f/f mice to conditionally deplete

TGFbRI in DCs, whereas other types of cells were untouched.

Histological staining showed that conditional depletion of TGF-

bRI in DCs did not alter the speed of the wound healing process

(Figure S6C). Like the Tgfbr1f/f Ert2-Cre mice, TGF-b1 treatment

also failed to increase Il31 expression in dermal cDC2s from

Tgfbr1f/f CD11c-Cre mice in vitro (Figure S6D). Compared with

wild-type mice, Tgfbr1f/f CD11c-Cre mice exhibited reduced

scratching behaviors (Figure 6D) and a lower Il31 expression in

wounds (Figure S6E) on day 5 after injury. Notably, expression

of Il31ra (Figure S6F), Trpv1 (Figure S6G), andNppb (Figure S6H)

were also not upregulated in the DRGs that innervated wounds.

Furthermore, we generated Tgfbr1f/f Lyz2-Cre mice, in which

TGF-bRI is eliminated on macrophages but not on DCs. These

mice displayed a similar healing process and itching behaviors

as wild-type mice (Figures S6J and S6K). Moreover, although

the wound healing processes were accelerated (Figure S6L),

scratch- and itch-related gene expression in Smad3�/� mice

also declined relative to control littermates at all time points

(Figures 6E and S6M–S6O). Finally, intradermal administration,

in recipient animals, of TGF-b1-pretreated dermal cDC2s

increased itch behavior (1.5 3 104 cells per site; Figure 6F). In

contrast, TGF-b1-treated dermal cDC2s isolated from Tgfbr1f/f

Ert2-Cre mice (Figure 6G) and Tgfbr1f/f CD11c-Cre mice (Fig-

ure S6I) failed to elicit itch responses. Moreover, even at a low

dose of injection (5,000 cells per site), TGF-b1-treated dermal

cDC2s could elicit itch responses (Figure S6P) and upregulate

Il31ra gene expression in DRGs of recipient mice that innervated

the skin injected with these cells, although no significant differ-

ence in Trpv1 gene expression could be found (Figure S6Q),
(F) Dermal cDC2 from normal skin treated with or without TGF-b1 for 24 h were

scratching bouts on the dorsal area of dermal cDC2 recipients were counted 3 h af

one mouse (n = 6). Student’s t test was used for comparison. Bars represent me

(G) Dermal cDC2 from normal or Tgfbr1-deficient mice (tamoxifen-treated Tgfbr1

dorsal area of normal B6 mice, and scratch counts were determined in recipien

represents one mouse (n = 6). Student’s t test was used for comparison. Bars re

See also Figure S6 for more details.
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whereas TGF-b1-treated dermal cDC2s from Tgfbr1f/f Ert2-Cre

mice failed to do so (Figures S6R and S6S). Together, these re-

sults demonstrate the crucial role of TGF-b signaling in IL-31 pro-

duction in dermal cDC2s during wound healing.

DISCUSSION

In this study, we investigated the cellular and molecular mecha-

nisms underlying itching during cutaneous wound healing,

showing that TGF-b induces expression of IL-31 in dermal

cDC2s and that this contributes to generation of scratch

behavior through activation of sensory neurons. First we found

a close association of the peak of itch responses and cutaneous

IL-31 expression. Second, we showed that IL-31 has short-term

effects evoking itching, which is Stat3 independent, and long-

term effects on increasing the sensitivity of sensory neurons.

Third, we established that dermal cDC2s are critical cellular

sources of IL-31 during wound repair and that day 5 dermal

cDC2s are sufficient to evoke itch responses in naive mice.

Finally we demonstrate that IL-31 expression in cDC2s requires

Smad-dependent TGF-b signaling. These findings provide the

immunological and neurological underpinnings of the widely

known sensation of itching that is experienced in the later stages

of skin wound healing.

It is thought that many pruritogens evoke itching (Steinhoff

et al., 2018; Trier and Kim, 2018), but the principle underlying

the agents responsible for the itching induced during cutaneous

repair have not been studied. Here we discovered that the cyto-

kine IL-31, based on our unbiased RNA-seq analysis, qPCR, and

protein analysis, was prominently expressed, peaking at approx-

imately the same time when itching was most intense. In mice

and humans, type 2 cytokine signaling contributes to itching

(Oetjen et al., 2017), and IL-31 was initially described as a Th2

cytokine mainly related to dermatitis and some respiratory dis-

eases (Bilsborough et al., 2010; Cevikbas et al., 2014; Dillon

et al., 2004). Supporting this function of IL-31 in itching, anti-

IL-31 receptor antibodies have been reported to relieve derma-

titis in a mouse model and human patients (Kasutani et al.,

2014; Ruzicka et al., 2017). Therefore, we propose that IL-31 is

also a likely agent contributing to pruritus when the skin is recov-

ering from injury, and a slow build-up of IL-31 causes the

increasing pruriceptive sensation that builds during wound heal-

ing during this process. For this reason, IL-31 might be a good

target for treatment of pruritis in more extensive body surface

areas, such as with burns.

Wewonderedwhy IL-31might be elevated duringwound heal-

ing and considered that it might influence immune cell functions

at the repair site and, therefore, be important in wound closure or

other processes producing an intact barrier. This idea was not

borne out because, in Il31�/� mice, we did not find significant

changes in wound healing. This still does not answer what
injected (i.d., 15,000 cells per site) to the dorsal area of normal B6 mice, and

ter injection. Datawere from 3 independent experiments, each circle represents

ans ± SEM. *p < 0.05.
f/f Ert2-Cre mice) were also treated with TGF-b1 for 24 h and injected into the

ts of dermal cDC2s. Data were from 3 independent experiments. Each circle

present means ± SEM. *p < 0.05.
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IL-31 might be doing, but it means that therapeutic agents

neutralizing IL-31 would not impair wound recovery. Future ex-

periments might investigate the reasons for elevated IL-31 dur-

ing wound repair. In addition, studies have shown that IL-31

has roles in nerve growth (Feld et al., 2016) and neuropeptide

release (Meng et al., 2018); it is reasonable that wound itching

occurs when nerve fibers are remodeling into the dermis/

epidermis.

IL-31 has been reported previously to acutely induce itching

via activation of IL-31Ra on TRPV1+ sensory neurons, which

innervate the skin (Cevikbas et al., 2014), and to also evoke de-

layed itching (Arai et al., 2013; Hawro et al., 2014). Here we

showed that, at least in part, IL-31 may increase sensory neuron

activity by upregulation of expression of molecules involved in

signaling reception (Il31Ra), signal transduction (Trpv1), and

signal transmission (Nppb). These increases in expression are

long-term effects and are Stat3 dependent. In turn, this suggests

that Stat3 might be another potential therapeutic target for use in

IL-31-dependent itching.

In the dermis, cDCs are conventional resident DCs and have

critical roles in guarding the host against invading pathogens

while limiting tissue damage. They are involved in some pathol-

ogies, including infectious and parasitic diseases transmitted

through the skin (Clausen and Stoitzner, 2015; Valladeau and

Saeland, 2005). cDCs are the most abundant type of DCs in

the healthy mouse dermis (Malissen et al., 2014; Tamoutounour

et al., 2013); upon migration to draining lymph nodes, they can

trigger Th2 cell differentiation (Kitajima and Ziegler, 2013) and

induce production of regulatory T cells (Guilliams et al., 2010).

For these reasons, their numbers are substantially increased at

sites of barrier disruption. It has been reported previously that

nociceptive sensory neurons, by interacting with dermal cDCs,

can regulate the IL-23/IL-17 pathway and control cutaneous im-

mune responses in a model of psoriasis (Riol-Blanco et al.,

2014). Herewe focused on the reverse direction and investigated

how immune cells affect the peripheral nervous system and

behavior. Our results show that elevated amounts of IL-31 in

wounds is predominantly generated by dermal cDC2s. There-

fore, our results show that there is reciprocal signaling between

cutaneous cDC2s and peripheral sensory neurons, highlighting

the importance of the interaction between the immune and ner-

vous systems in the skin.

TGF-b signaling is crucial during wound healing; it has a broad

spectrum effects on almost every cell type, including keratino-

cytes, fibroblasts, DCs, and monocytes (Ashcroft et al., 1999).

TGF-b1 is important for wound closure by facilitating fibroblast

contraction in the collagen matrix (Meckmongkol et al., 2007)

and development of hypertrophic and keloid scars (Colwell

et al., 2005) and for inducing and sustaining activation of keloid fi-

broblasts (Wang et al., 2007). TGF-b1 directs differentiation of

monocytes into LCs and is crucial for the cutaneous contingent

of migratory DCs (Felker et al., 2010). Moreover, TGF-b may

induce tolerogenic DCs, which can skew effector T cell immune

response into cells of a predominantly anti-inflammatory Th2-

like phenotype or may induce generation of regulatory T cells

(Chen et al., 2003; Esebanmen and Langridge, 2017; van Duiven-

voorde et al., 2006). In this study, we expand the list of TGF-b

functions to wound healing-induced itching by demonstrating

that TGF-b signaling increases IL-31 production in dermal cDC2s.
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Here we provide evidence of an IL-31-mediated effect on the

sensory nervous system and mammalian behavior. By identi-

fying this neuro-immunologic pathway and determining key

mechanistic steps involved in this process, we identify potential

therapeutic targets for itching that occurs during wound healing

and potentially other conditions that disrupt the skin barrier and

cause itching.

Limitations of Study
Although our study shows that IL-31 is responsible for itch re-

sponses during wound healing, it remains an exciting question

whether there is any other biological function of IL-31 in that

period. Future experiments might also investigate the reasons

for elevated IL-31 during wound repair; it would be insightful to

focus on the roles of IL-31 in nerve growth and neuropeptide

release. Our study could be improved by some direct visual ev-

idence of IL-31 expression in the skin, which we were unable to

provide because of the coronavirus disease 2019 (COVID-19)

pandemic.
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Biological information
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this study
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Mouse: Rosa26tdTomato The Jackson Laboratory Cat# 007914
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Mouse: Rag1 �/� The Jackson Laboratory Cat# 002216

Mouse: LangDTR The Jackson Laboratory Cat# 016940

Mouse: Csf1rDTR The Jackson Laboratory Cat# 024046

Mouse: Csf1rDTR Lyz2-cre Schreiber et al., 2013 N/A

Mouse: Tgfbr1 f/f Ert2-cre Tu et al., 2018 N/A

Mouse: Smad3�/� Yang et al., 1999 N/A

Mouse: Tgfbr1 f/f Cd11c-cre This paper N/A

Mouse: Tgfbr1 f/f Lyz2-cre This paper N/A

Oligonucleotides

TaqMan Hprt primer, Mm00446968_m1 Applied Biosystems N/A

TaqMan Gapdh primer, Mm99999915_g1 Applied Biosystems N/A

TaqMan Il31 primer, Mm01194496_m1 Applied Biosystems N/A

TaqMan Il31ra primer, Mm01304494_m1 Applied Biosystems N/A

TaqMan Trpa1 primer, Mm01227437_m1 Applied Biosystems N/A

TaqMan Trpv1 primer, Mm01246302_m1 Applied Biosystems N/A

TaqMan Nppb primer, Mm01255770_g1 Applied Biosystems N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

FlowJo 9 software FlowJo https://www.flowjo.com; RRID:SCR_008520

GraphPad Prism 7 software GraphPad Software https://www.graphpad.com; RRID:SCR_002798

RStudio RStudio https://rstudio.com/; RRID:SCR_000432

Other

BD LSRFortessa BD Biosciences N/A

BD FACSAria cell sorter BD Biosciences N/A
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, WanJun

Chen (wchen@mail.nih.gov).

Materials Availability
This study did not generate new unique reagents

Data and Code Availability
Murine cutaneous wounds tissue RNA sequence data in this paper were deposited in GEO accession (GSE128193; https://www.

ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE128193)

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Human data of pruritus questionnaires
The questionnaires for pruritus self-assessment was approved by the Institutional Ethics Committee of Beijing Stomatological Hos-

pital affiliated to Capital Medical University; informed consent was obtained from all participants. Pruritus self-assessments were re-

corded for subjects who were scheduled for minor skin superficial surgery (please see Method Details for details). 12 subjects were

enrolled finally (3 women and 9men, mean age ± SD: 53.3 ± 12.6 years). Pruritus intensity was assessed using a 10-cm visual analog

scale (VAS). Subjects were asked to evaluate and record the pruritus intensity before and every other day after surgery within 7 days.

No human tissue sample was taken for this study.

Mice
C57BL/6, Rag1�/�mice, Trpv1-Cre mice, Rosa26tdTomato mice, mut-Stat3mice (Steward-Tharp et al., 2014), zDCDTR mice (Meredith

et al., 2012), Csf1rDTR mice, LangDTR mice (Kissenpfennig et al., 2005) were obtained from The Jackson Laboratory. Il31�/� mice

(Takamori et al., 2018) were obtained fromDr. Nakae’s Lab. Tgfbr1f/fErt2-Cre,Smad3�/� (on a C57BL/6 background) were previously

described and bred in our facility under specific pathogen-free conditions. Trpv1tdTomato mice were generated in-house by crossing

Trpv1-Cremice with Rosa26tdTomato mice.Csf1rDTR Lys2-Cre mice (MMDTRmice) (Schreiber et al., 2013) were generated in-house by

crossing Lys2-Cre mice with Csf1rDTR mice. Tgfbr1f/f Cd11c-Cre+ mice were generated in-house by crossing Cd11c-Cre mice with

Tgfbr1f/f mice. Tgfbr1f/f Lyz2-Cre+ were generated in-house by crossing Lyz2-Cre mice with Tgfbr1f/f mice. Tgfbr1f/f Ert2-Cre mice

were treated with tamoxifen (1 mg/mouse) per day for 5 days to delete TbRI. All mice used for experiments were aged 6-12 weeks,

both male and female. All animal studies were performed according to National Institutes of Health (NIH) guidelines for use and care

of live animals and approved by the Animal Care and Use Committees of National Institute of Dental and Craniofacial

Research (NIDCR).

METHOD DETAILS

Enroll and exclusion criteria for human pruritus questionnaires
All subjects must fulfill all the following items: (1) a superficial surgery is necessary for the subject diagnosed with a superficial cyst or

benign tumor; (2) the expected wound will be 1 cm to 3 cm long; (3) the subject has no active systemic disease for 1 year and have a

negative history of skin diseases; (4) the surgical area has no inflammation within the recent 6months and have no sign of infection; (5)

subject must be informed of the investigational nature of this study and given written informed consent. Exclusion criteria: (1) Active,

uncontrolled infections in surgical area or systemically; (2) pathology report shows as amalignant tumor or Kimura’s disease; (3) failed

to follow up entirely.
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Bone marrow chimeras and diphtheria toxin injection
C57BL/6 hosts were irradiated with 12Gy split into 3 doses and reconstituted by tail vein injection of 53 106 bone marrow cells from

WT, Il31�/� or zDCDTR donors. Mice were allowed to reconstitute for 6 weeks prior to use. Diphtheria toxin (DT) was purchased from

Sigma-Aldrich. zDCDTR bone marrow chimeras were injected i.p. with 20 ng DT per gram of body weight (500 ng/mouse) on the first

day of DC depletion and with 4 ng DT per gram body weight (100 ng/mouse) on all subsequent days. C57BL/6, LangDTR, and MMDTR

mice received 4 ngDT per gram bodyweight (100 ng/mouse) at any time. Since we found that macrophage depletion at the beginning

of incising would delay the wound healing or even fatal for mice, DT was injected (i.p., 100ng/mouse) to MMDTR mice on the 3rd of

wound healing and every day thereafter.

Murine wound healing
Mice were anesthetized, dorsum shaved, cleaned with alcohol, and 2 equidistant 1cm full-thickness incisional wounds were made

through the skin and left to heal. Wounds tissue (0.5 cm around incision) and dorsal root ganglion (DRG) that innervate the wound

were harvested at indicated days and bisected for histology, snap-frozen in for RNA analysis/protein extraction, or DMEM contained

10% fetal bovine serum on ice for flow cytometry. Wound sizes were measured and wound healing rates were evaluated by the for-

mula ððp =4Þ3length03width0�ðp =4Þ3lengthf 3widthf =ðdayf �day0Þ3ðp =4Þ3length03width0Þ3100 (Cukjati et al., 2001; Ly-

man et al., 1970) and HE staining (Braiman-Wiksman et al., 2007).

IL-31 intradermal injection
For wound healing model, we intradermally injected IL-31 30 ng/site (by this dose IL-31 could not induce itch in naive mice 8 hours

later; Arai et al., 2013) into wounds every 12 hours for 3 times from the fourth day after wounds were cut, and the behavior recordings

were taken 8 hours after the last injection. For mut-Stat3mice or wild-type control mice, we injected IL-31 1 mg/site on the dorsal area

intradermally, and observe the itching behaviors 1 hour later; 8 hours after the 1st injection, another IL-31 injection (1 mg/site, i.d.) on

the same spot, itching behaviors were recorded again 1 hour after the 2nd injection.

Pruriceptive behavior measurement
To measure the pruriceptive behaviors, mice were placed in clear plastic enclosures with an optical cannula, which could rotate to

allow freemovement of themouse. Itch behavioral responses were videotaped during the experiment. The behavior experiments and

analysis were done blinded. Scratch (by the hind leg) bouts around the wounds or dendritic cells injected area were counted for 30 or

60 minutes.

RNA-seq analysis
Two wounds tissue from one animal were pooled, three animals were used per time point. The skin was cleaned of muscle and fat

tissue; total RNA was extracted using the RNeasy mini kits (QIAGEN), purified using Direct-zol RNA MiniPrep kit (Zymo Research).

Next-generation libraries were prepared using the VAHTS TMmRNA-seq V2 Library Prep Kit for Illumina (Vazyme, #NR601). RNA-seq

libraries were run on an Illumina HiSeq X-Ten next-generation sequencer. Analysis of RNA-seq data was done using the DESeq pack-

age in R.

Cell culture of dorsal root ganglion neurons
Dorsal root ganglion (DRG) neurons were primarily cultured, as described previously. Briefly, thoracic and lumbar DRGs were

dissected and collected from adult mice and transferred into HBSSwithout Ca2+/Mg2+ on ice. F12 with 10% FCS and 100 U/ml peni-

cillin/streptomycin was used as a culture medium. Ganglia were incubated with 1.5 mL papain (40 U/ml, Worthington) for 10 min at

37�C and then with 3 mL collagenase type II (4 mg/ml, Worthington)/ dispase type II (4.67 mg/ml, Worthington) combined solution for

10 min at 37�C. Dissociated cells were plated on poly-D-lysine-treated small coverslips and incubated for 2 to 3 days at 37�C in 95%

air/5% CO2.

Calcium image
DRG neurons were stained by 5 mMFluo-4 (Thermo Fisher Scientific) with 0.02% F-127 (Thermo Fisher Scientific) in HBSS+/+ RP free

buffer at 37�C for 30 mins. Then coverslips with cells were washed, moved to a custom-built chamber, and incubated with image

medium (pH 7.4; 140mMNaCl, 5mMKCl, 2mMCaCl2, 2mMMgCl2, 10mMHEPES, 10mMGlucose). Calcium imaging experiments

were performed under a Nikon confocal microscope with 488 nm excitation wavelength. Neurons were stimulated by Capsaicin

(50 nM, Sigma) 10 s after the time lapse started. Images were analyzed offline with an NIH ImageJ software, data were normalized

by using the initial image as basal fluorescence, and presented as the relative change in fluorescence (DF/F0), where F0 is basal fluo-

rescence and DF = F � F0

Flow cytometry
The skin was cleaned of fat tissue and cut into small pieces, incubated in Liberase DH (0.5 mg/ml, Sigma) for 90 min before finally

shredding through 70-mm cell strainers (BD PharMingen). After isolation, cell suspensions were washed by 0.5% BSA in PBS and
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passed through 40 mmcell strainers (BD PharMingen), and cell populations were characterized by flow cytometry. Stained cells were

analyzed on LSRFortessa (BD Biosciences) or separated by FACSAria cell sorter (BD Biosciences). Data were analyzed with FlowJo

software,

Dermal conventional type 2 dendritic cells culture and injection
Dermal conventional type 2 dendritic cells (cDC2) were sorted by FACS Aria cell sorter (Zombie-CD45+CD3-CD64-CD11c+

CD326-CD11b+MHC II+) and cultured with complete medium (RPMI 1640 supplemented with 10% FBS, L-glutamine, penicillin/

streptomycin, 2-mercaptoethanol) contained GM-CSF (20 ng/ml, Peprotech). For cDC2 injection, mice were dorsum shaved

1 day before injection, cDC2 were washed and suspended in HBSS+/+ RP free buffer and injected intradermally (5000 cells or

15000 cells in 20 mL per site), pruriceptive behaviors were observed before and after injections.

Real-time PCR
Total RNA was derived from cultured cells with RNeasy Mini kits (QIAGEN) or RNeasy Micro kits (QIAGEN), cDNA was synthesized

using a High Capacity cDNA Reverse Transcription kit (Applied Biosystems). For sorted cells, a TaqMan PreAmp Master Mix Kit

(Applied Biosystems) was used before quantitative real-time PCR. Quantitative real-time PCR was performed according to the pro-

tocol of TaqMan gene expression assay kits (Applied Biosystems). Results from leukocyteswere normalized to the expression ofHprt

mRNA, results from tissue were normalized to the expression of Gapdh mRNA.

Antibodies and reagents
The following fluorochrome-conjugated antibodies were used for flow cytometry surface staining: anti-mouse CD45 (30-F11,

eBioscience), anti-mouse CD3 (17A3, eBioscience), anti-mouse CD11c (N418, eBioscience), anti-mouse CD11b (M1/70, eBio-

science), anti-mouse MHC class II (I-A/I-E) (M5/114.15.2, eBioscience), anti-mouse F4/80 (BM8, eBioscience), anti-mouse CD64

(X54-5/7.1, eBioscience), anti-mouse CD117 (2B8, eBioscience), anti-mouse Fc epsilon Receptor 1 alpha (MAR-1, eBioscience),

anti-mouse CD207 (eBioL31, eBioscience), anti-mouse CD326 (G8.8, eBioscience), anti-mouse CD103 (2E7, eBioscience). Dead

cells were excluded from analysis using Zombie Yellow Fixable Viability Kit (Biolegend). Recombined proteins and chemicals: IL-

1b (401-ML, R&D System), IL-6 (206-IL, R&D System), IL-17a (421-ML, R&D System), IL-31 (3028-ML, R&D System), TGF-b1

(240-B, R&D System), TNF-a (410-MT, R&D System), SB431542 (ALK5 inhibitor, Selleckchem), S3I-201 (Stat3 inhibitor, Selleck-

chem), and SIS3 (Smad3 inhibitor, Sigma) were used in cell culturing for different conditions. Anti-mouse Stat1 (#9172, Cell

Signaling), anti-mouse pStat1 (#9171S, Cell Signaling), anti-mouse Stat3 (#9139, Cell Signaling), anti-mouse pStat3 (#9131S,

Cell Signaling), anti-mouse Stat5 (#9363, Cell Signaling), anti-mouse pStat5 (#9351S, Cell Signaling), anti-mouse Gapdh (#5014S,

Cell Signaling), anti-mouse IL-31 (ab102750, ABcam) were used for western blot. TGFb1 Elisa kit (G7591, Promega) and IL-31 Elisa

kit (BMS6030, eBioscience) were used for TGFb1 or IL-31 protein determination.

Statistical analysis
Statistical analysis was performed using either unpaired two-tailed Student’s t tests or one-way ANOVA in GraphPad Prism.
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Abstract 

Primary liver cancer (PLC) is a common gastrointestinal malignancy worldwide. While hepatocellular carcinoma (HCC) 
and intrahepatic cholangiocarcinoma (ICC) are two major pathologic types of PLC, combined HCC and ICC (cHCC-
ICC) is a relatively rare subtype that shares both hepatocyte and cholangiocyte differentiation. However, the molecu‑
lar feature of this unique tumor remains elusive because of its low incidence and lack of a suitable animal model. 
Herein, we generated a novel spontaneous cHCC-ICC model using a Sleeping Beauty-dependent transposon plasmid 
co-expressing oncogenic Myc and AKT1 and a CRISPR-Cas9 plasmid expressing single-guide RNA targeting p53 into 
mouse hepatocytes via in situ electroporation. The histological and transcriptional analysis confirmed that this model 
exhibits cHCC-ICC features and activates pathways committing cHCC-ICC formation, such as TGF-β, WNT, and NF-κB. 
Using this model, we further screened and identified LAMB1, a protein involved in cell adhesion and migration, as 
a potential therapeutic target for cHCC-ICC. In conclusion, our work presents a novel genetic cHCC-ICC model and 
provides new insights into cHCC-ICC.

Keywords:  Myc, AKT1, p53, LAMB1, Sleeping Beauty-dependent transposon system, In situ electroporation

Introduction
Primary liver cancer (PLC), including hepatocellular 
carcinoma (HCC) and intrahepatic cholangiocarcinoma 
(ICC), represents the third cause of cancer-related death 
[1, 2]. Research has revealed that ICC and HCC share a 
monoclonal origin with bidirectional phenotype differ-
entiation and may appear simultaneously [3]. Combined 
HCC and ICC (cHCC-ICC) is a rare tumor account-
ing for 0.4–14.2% of all PLC [4–7]. Since the diagnosis 
of cHCC-ICC relies on evidence of histological findings 
and patients who are not suitable for resection may be 

misdiagnosed with HCC or ICC alone, the actual inci-
dence underestimates the current cHCC-ICC burden [5]. 
Although curative surgical resection or liver transplanta-
tion is considered the mainstay of clinical practice, up to 
80% of patients relapse within 5 years due to lymph node 
metastasis and vascular invasion [8, 9]. Unfortunately, 
the 5-year survival in patients with unresectable cHCC-
ICC does not exceed 30% due to inadequate response 
to current treatments [10, 11]. Taking these findings 
into account when making treatment decisions, a more 
focused understanding of the molecular pathology and 
identification of potential therapeutic targets of cHCC-
ICC thus are urgently needed.

Compared to xenograft tumor models, genetically 
engineered tumor models develop de novo tumors 
that closely imitate the histopathological features of 
their human counterparts [12]. Hydrodynamic tail vein 
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injection (HDVI) and in  situ electroporation (Epo) are 
two ways to transfer foreign plasmid DNA directly 
into hepatocytes. HDVI can create a pressurized blood 
force that redirects the blood flow directly into the 
liver, leading to plasmid DNA entering the intracellular 
compartment of hepatocytes [13], while electropora-
tion is an efficient way to introduce foreign genes into 
cultured cells and able to in situ transfer plasmids into 
hepatocytes [14].

Recently, high-throughput genomic studies have 
revealed a series of driver genes contributing to HCC or 
ICC tumorigenesis [15, 16]. c-Myc and TP53 are two top 
frequently mutated genes in HCC patients. Recently, co-
delivery of c-Myc-encoding plasmid and CRISPR/Cas9-
mediated p53 knockout via HDVI successfully developed 
spontaneous HCC in mice [17, 18]. In another study, 
Seehawer M et al. constructed a vector that co-expressed 
Myc and AKT1 to establish HCC in p19Arf−/− mice via 
HDVI [19]. Interestingly, the same vector led to ICC 
tumorigenesis by the approach of Epo, which could cause 
in  situ necroptosis microenvironment, highlighting the 
hepatic microenvironment may contribute to lineage 
commitment during tumorigenesis [19].

In the current study, we applied a Sleeping Beauty-
dependent transposon plasmid co-expressing oncogenic 
Myc and AKT1 in combination with a CRISPR-Cas9 
plasmid expressing single-guide RNA targeting p53 to 
compare their tumorigenic capacity via either HDVI- or 
Epo-dependent hepatocyte delivery. Notably, we found 
transfection of these plasmids by Epo led to the cHCC-
ICC formation. Taking advantage of this novel sponta-
neous model, we proposed that LAMB1 may serve as a 
therapeutic target for cHCC-ICC.

Materials and methods
Vectors
A plasmid that co-expressing oncogenic Myc and AKT1 
was a kind gift and has been constructed and described 
previously [19]. The SB13 transposase-encoding vector 
was kindly provided by Dr Yue Zhao. pX330 backbone 
expressing sgRNA targeting p53 was obtained from Tyler 
Jacks (Addgene plasmid #59910).

Animal studies
Male 4 to 6-week-old C57BL/6 J mice were purchased 
from Charles River (Shanghai, China), and all the ani-
mals used in the study were fed in a specific pathogen-
free facility. All animal care and experimental protocols 
were approved by the Institutional Animal Care and Use 
Committee (IACUC) of Zhongshan Hospital, Fudan 
University.

Hydrodynamic tail vein injection and in situ 
electroporation
For hydrodynamic tail vein injection, 30 µg Myc + AKT1 
co-expressing plasmid, 30 µg pX330 sg-p53 plasmid, 
and 10 µg SB13 transposase-encoding plasmid were 
prepared in 2 ml of sterile PBS and injected into a tail 
vein within 3–5 s per mouse. For in  situ electropora-
tion, 6-week-old wild-type C57BL/6 J mice were anes-
thetized, and the right lateral liver lobe was exposed 
after midline laparotomy. Plasmids described above 
were resolved in 50 µg sterile PBS and injected into the 
right lateral liver lobe using an insulin needle. In  situ 
electroporation was performed with Squaure Wave 
Electroporator (Nepa Gene). The voltage and duration 
of electric pulse were 70 V and 75 ms, respectively. Two 
pulses were applied, and the interval was 500 ms.

Immunohistochemistry
Immunohistochemistry (IHC) was performed as pre-
viously described [20]. In brief, the sections of tumors 
were incubated with the following antibodies: HNF4α 
(ab201460, Abcam), CK-19 (ab52625, Abcam), PCNA 
(2586, Cell Signaling Technology), p-AKT (Ser473, 
4060, Cell Signaling Technology), p-ERK (Thr202/
Tyr204, 4370, Cell Signaling Technology), p-NF-κB 
(Ser536, 3033, Cell Signaling Technology), β-catenin 
(8480, Cell Signaling Technology), TGF-β (21898-1-AP, 
Proteintech) and FGFR2 (13042-1-AP, Proteintech).

RNA‑sequencing and analysis
RNA-sequencing for whole transcriptome analysis 
was performed using Illumina NovaSeq 6000 platform 
according to the manufacturer’s protocol. Three bio-
logical replicates were applied for RNA-seq, and all 
RNA samples passed quality control with 5–8 Gb and 
Q20 ≥ 90. Hierarchical clustering of RNA-seq was per-
formed using R language with the ‘pheatmap’ package. 
A Euclidean method was used to calculate distance 
measurements, while the ‘complete’ method was uti-
lized to calculate the dissimilarity values for hierar-
chical clustering. For the heatmap visualization, gene 
expression values were normalized.

Bioinformatic analysis
Gene set enrichment analysis (GSEA) was performed 
using GSEA software version 4.1.0 with 1,000 permu-
tations of the gene sets. The FPKM values from the 
RNA-seq were compared against the specific gene sets. 
Gene sets used in this study were downloaded from the 
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MSigdb database (http://​softw​are.​broad​insti​tute.​org/​
gsea/​msigdb/​index.​jsp).

Statistics
The statistical analysis was performed using Prism 
Graphpad 7.0 software. Quantitative variables were ana-
lyzed by paired t-test. Kaplan-Meier analysis was used to 
compare OS between HDVI and Epo groups. Data were 
presented as mean ± standard deviation. p < 0.05 was 
considered statistically significant.

Results
Generation of spontaneous liver cancer model 
through HDVI and Epo
Myc, AKT1, and TP53 are among the top frequent 
mutated genes in PLC. To assess their roles in liver cancer 
tumorigenesis, a vector expressing constitutively active 
oncogenic Myc and AKT1, and single-guild RNA target-
ing Tp53 (sgTp53) was transfected into mouse liver cells 
based on a Sleeping Beauty (SB) transposon system via 
either HDVI or Epo (Fig. 1A, B). Both methods induced 
liver cancer 3–4 weeks after vector delivery, showing 

Fig. 1    Generation of spontaneous primary liver cancer model using hydrodynamic tail vein injection (HDVI) and in situ electroporation (Epo). A 
Schematic of plasmids designed. B Schematic of intrahepatic delivery of plasmids through HDVI or Epo. C The overall survival rate of MAPHDVI and 
MAPEpo mice, respectively. D Representative images of livers from mice received HDVI- or Epo-dependent plasmids via intrahepatic transfection. E 
Representative hematoxylin and eosin (H&E), HNF4α, and CK-19 staining of liver tissues shown in Fig. 1D. Scale bar, 200 μm
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comparable overall survival rates (Fig. 1C). Tumors gen-
erated by HDVI (termed as MAPHDVI) exhibited multi-
focal neoplasia, while tumors generated by Epo (termed 
as MAPEpo) exhibited a unilocular pattern (Fig.  1D). 
H&E staining revealed disorderly and mitotically acti-
vated epithelial cells with abnormal pleomorphic nuclei 
and loss of polarity in all MAPHDVI tumors (Fig.  1E). 
Also, bile duct-like tissues were observed in MAPEpo 
tumors rather than in MAPHDVI tumors (Fig. 1E). IHC 
staining confirmed that MAPHDVI were HCC, as evi-
denced by solid nuclear staining for hepatocyte nuclear 
factor 4-alpha (HNF4α), a liver-specific marker, but nega-
tive staining for cytokeratin 19 (CK-19), a marker of bil-
iary differentiation. Interestingly, staining of both HNF4α 
and CK-19 in MAPEpo tumors with a clear boundary 
confirmed a combined HCC and ICC within the same 
tumor (Fig.  1E). These data indicate that induction of 
Myc and AKT1 and loss of TP53 by HDVI lead to spon-
taneous HCC formation while Epo leads to cHCC-ICC.

Transcriptional analysis of the MAPHDVI 
and MAPEpo tumors
To further validate the morphological findings, RNA-seq 
analysis for MAPHDVI and MAPEpo was performed to 
investigate the transcriptome differences. Tumor tis-
sues from MAPHDVI and MAPEpo, along with normal 
liver tissue from wild-type C57BL/6 J mice as control, 
were firstly assessed for hepatocyte and biliary differen-
tiation markers. The results suggested that MAPHDVI 
tumors exhibited higher expression of hepatic markers, 
including Afp, Alb, Adh1, Hnf4a, Onecut1, F2, Aldob, and 
Fabp1. However, genes involved in biliary differentiation, 
including Krt19, Krt7, Ehf, Gprc5a, Nes, Tgfb1, Tgfb2, 
and Jag1, were highly expressed in MAPEpo tumors but 
not in MAPHDVI tumors [21] (Fig.  2A). Further GESA 
analysis confirmed that liver-specific gene signature was 
significantly enriched in normal liver tissues and MAPH-
DVI tumors rather than in MAPEpo tumors (Fig. 1B). A 
previous study transcriptionally profiled 20 cHCC-ICC 

Fig. 2    Transcriptome analysis of MAPHDVI and MAPEpo tumors. A Expression of genes that involves in hepatocyte and biliary differentiation. B GESA 
analysis using transcriptome profiles of MAPHDVI and MAPEpo tumors. Enrichment plots were presented for liver-specific gene signature. C Hierarchal 
clustering analysis of HCC- and cHCC-ICC–related genes was performed in MAPHDVI and MAPEpo tumors
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and successfully identified a series of gene sets that could 
represent cHCC-ICC and HCC genome features [22]. 
cHCC-ICC-related gene set comprised 588 up-regulated 
genes, while the HCC-related gene set contained 656 up-
regulated genes. Using these gene sets, Hierarchical clus-
tering analysis revealed that MAPEpo tumors had higher 
expression of genes associated with cHCC-ICC. In con-
trast, MAPHDVI tumors had higher expression of genes 
involved in HCC. Collectively, these transcriptome data 
further support the successful generation of spontaneous 
cHCC-ICC through Epo. 

Signaling pathways that commit cHCC‑ICC activates 
in MAPEpo tumors
Several key signaling pathways, including the AKT, 
RAS, NFκB, WNT-β-catenin, and TGF-β signaling path-
ways, have been identified as responsible for initiating 
and developing cHCC-ICC [23]. We, therefore, exam-
ined whether these pathways were also activated in the 
MAPEpo model. GESA analysis proved that genes in the 
RAS, NF-κB, WNT, and TGF-β signaling pathways were 
significantly enriched in MAPEpo tumors rather than in 
normal liver tissues (Fig.  3A). Although the enrichment 
score produced no statistical discrepancy, these path-
ways tended to be relatively enriched in MAPEpo tumor 
rather than in MAPHDVI tumor, probably because of the 
mixed HCC and ICC within the tumor (Fig.  3A). IHC 
analysis for HCC and ICC components was subsequently 
performed in MAPEpo tumors to dissect this phenotype 
better. A comparable PCNA staining pattern among 
MAPHDVI, HCC-MAPEpo, and ICC-MAPEpo tumors 
was observed, suggesting a similar proliferation in these 
tumor cells (Fig. 3B). Notably, IHC staining was strongly 
positive for p-AKT, p-ERK, p–NF-κB, β-catenin, and 
TGF-β in the ICC component of the MAPEpo tumors, 
where FGFR2 served as the positive control (Fig.  3B). 
Taken together, these data suggest that the signaling 
pathways that contributed to cHCC-ICC formation and 
development are activated in MAPEpo tumors.

Identification of LAMB1 may serve as a potential therapy 
target for cHCC‑ICC
As our preliminary data implied that MAPEpo tumor 
resembled human cHCC-ICC, we, therefore, utilized 
this model to explore its clinical relevance. Differentially 
expressed genes (Log2FC ≥ 1 or ≤  − 1, p < 0.05) between 
MAPEpo tumor and MAPHDVI tumor were profiled to 
find genes involved in cHCC-ICC but not in HCC. The 
results indicated that 552 genes were overexpressed while 
568 genes were downregulated in MAPEpo tumor com-
pared to that in MAPHDVI (Fig.  4A). To further verify 
the consistency of our findings, previously reported 
upregulated genes in cHCC-ICC and upregulated genes 

in MAPEpo tumors were compared. A total of 73 over-
lapping genes were identified (Fig. 4B).

Using these overlapping genes as input, Gene Oncol-
ogy analysis revealed that biological processes (BP) were 
mainly enriched in tumor metastasis-related changes 
such as extracellular matrix organization (ECM), cell 
adhesion, and cell migration (Fig.  4C). Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analysis demon-
strated that focal adhesion and ECM-receptor interaction 
were among the top two pathways enriched (Fig.  4D). 
These results were consistent with the invasive feature of 
cHCC-ICC.

In the 73 overlapping genes, Lamb1, which contributes 
to ECM activity and cell adhesion and is highly expressed 
in cHCC-ICC, was identified. We also found that LAMB1 
expression in human cHCC-ICC (GSE35306) was sig-
nificantly higher than in both ICC and HCC tissues. For 
further validation, we analyzed another two published 
datasets (GSE84073 and GSE15765) that contain tran-
scriptome data of human ICC, HCC, and cHCC-ICC. It 
also exhibited that LAMB1 was upregulated in human 
cHCC-ICC compared with HCC (Fig.  4E). Considering 
minimal data on cHCC-ICC are available, no significant 
changes of Lamb1 were observed between cHCC-ICC 
and ICC. To sum up, these findings imply that Lamb1 
may serve as a therapeutic target for cHCC-ICC, and fur-
ther study is needed to dissect its role in cHCC-ICC.

Discussion
cHCC-ICC is a rare type of PLC but has attracted 
increasing attention in recent years. Because the diag-
nosis of cHCC-ICC largely depends on histochemistry, 
the true incidence of cHCC-ICC is likely to be under-
estimated, making the knowledge and management of 
cHCC-ICC inaccessible. Thus, a tumor animal model 
that resembles clinical cHCC-ICC is essential for further 
investigation. In this study, we generated a spontaneous 
cHCC-ICC by induction of oncogenic Myc and AKT1 
and loss of p53 through in situ electroporation. Evidence 
showed that this model shared similar transcriptome 
and oncogenic signaling pathways with human cHCC-
ICC. Most importantly, we, for the first time, identified 
LAMB1 as a potential therapy target for cHCC-ICC.

Most solid tumors, especially HCC, develop in the 
context of chronic diseases and are composed of het-
erogeneous malignant cells. Importantly, the heteroge-
neous feature of tumor cells is a key reason for clinical 
drug resistance. Although traditional syngeneic or xeno-
graft models are easy to perform, these models are una-
ble to fully mimic specific human disease conditions 
and neglect the heterogeneous feature of tumor tissues. 
Thus, these common models have a limit to evaluating 
the drugs pre-clinically. It is well known that tumor cells 
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are transformed from normal cells carrying oncogenic 
mutations, making it possible to induce PLC by genetic 
engineering. Accumulative studies have revealed specific 
mutations that lead to either HCC or ICC tumorigene-
sis. For example, c-Myc, CTNNB1 and TP53 are among 
top mutated genes for HCC patients [24]; while KRAS, 
a powerful oncogene involved in glandular malignant, is 
able to induce ICC when specifically expressed in mouse 
hepatocytes [25]. Currently, genetic engineered mouse 
model (GEMM) is an ideal tool for study HCC or ICC 

tumorigenesis and has clear genetic background resem-
bling human disease, making it suitable for pre-clinical 
estimation. Unfortunately, few studies focus on cHCC-
ICC as it’s not entirely clear how cHCC-ICC occurs. A 
recent study proved that an inflammatory tumor micro-
environment directs lineage commitment of the PLC 
[19]. Here, we used electroporation to induce a necrop-
totic liver microenvironment and established cHCC-ICC 
formation by combing Myc and AKT1 knockin with p53 
knockout. The morphological and genetic evidences 

Fig. 3    Signaling pathways activated in MAPHDVI and MAPEpo tumors. A GESA analysis of gene signatures of indicated pathways in normal liver 
tissues, MAPHDVI and MAPEpo tumors. B Representative images of PCNA, p-AKT, p-ERK, p-NFκB, β-catenin, TGF-β, and FGFR2 staining in MAPHDVI 
tumors and HCC or ICC component of MAPEpo tumors, respectively. Scale bars, 50 μm
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proved successful induction of cHCC-ICC. Our work 
provides a simple GEMM for cHCC-ICC with direct 
clinical translational value. However, our study also has 
limitations. It remains elusive whether other gene com-
binations can lead to the cHCC-ICC formation in the 
same experimental setting. Moreover, our model does 
not exhibit the metastatic feature of cHCC-ICC, as evi-
denced by no lung metastatic lesion observed (data not 
shown). New gene combinations that can lead to metas-
tasis should be tested in the future.

Whether cHCC-ICC is a unique or a subtype of HCC 
or ICC has long been controversial. cHCC-ICC can be 
further divided into three subtypes according to Allen 
and Lisa’s criteria that are separate type (HCC and ICC 
components physically separated), combined type (HCC 
and ICC component in the same tumor with clear bound-
aries), and mixed type (HCC and ICC component in the 

same tumor with no boundaries) [26]. Histologically, 
we found that MAPEpo tumors exhibited features with 
a combined type of cHCC-ICC. Recently, Xue et  al. [3] 
comprehensively analyzed a total of 133 cHCC-ICC cases 
and revealed that combined type of cHCC-ICC acquired 
intense ICC-like landscapes, including high expression of 
KRT19 but a lower expression of HCC markers (includ-
ing AFP and GPC3), which is also supported by our tran-
scriptome data (Fig.  2A). Compared with MAPHDVI 
tumors, MAPEpo tumors tended to express markers of 
biliary differentiation, especially for Krt19, Krt7, Nes, 
Tgfb2, and Jag1. Consistently, Afp expression is much 
higher in MAPHDVI tumors than in MAPEpo tumors. 
These data suggested that MAPEpo tumors might exhibit 
more ICC-like characteristics.

Despite apparent molecular discrepancy among sub-
types of cHCC-ICC, they all have poorer prognosis and 

Fig. 4  LAMB1 was upregulated in cHCC-ICC. A Volcano plot analysis of 1120 differential genes expressed between MAPHDVI and MAPEpo tumors. 
The criteria of analysis were Log2FC ≥ 1 or ≤ -1, p < 0.05. Genes that upregulated in MAPEpo tumors were shown in blue plots, while genes that 
upregulated in MAPHDVI tumors were in red plots. B Venn gram presented 73 overlapping genes between 552 upregulated genes in MAPEpo tumors 
and 588 upregulated genes in the GSE35306 data set. C GO and D KEGG analysis of 73 genes obtained in Fig. 4B. E The expression of LAMB1 gene in 
human ICC, HCC, and cHCC-ICC from GSE35306, GSE84073, and GSE15765 datasets
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more invasive features than HCC and are similar to ICC 
[27]. Interactions between cell adhesion or migration 
and ECM are vital factors that mediate tumor metastasis. 
In our study, we identified 73 overlapping genes that are 
highly upregulated in cHCC-ICC. Bioinformatic analysis 
indicated that these genes were mainly involved in ECM 
bioprocesses and cell adhesion. These findings further 
reinforced the invasive feature of cHCC-ICC.

Laminins, a family of extracellular matrix glycopro-
teins, are among the predominant component of ECM 
[28]. Evidence reported that laminins participated in 
tumor metastasis by promoting cell adhesion and migra-
tion, and their receptors expressed on the tumor cell 
surface [29–31]. We screened these 73 genes and iden-
tified a main differential gene Lamb1, a member of the 
laminin family. Taking advantage of several data sets 
reported previously, we established that Lamb1 was 
upregulated in cHCC-ICC compared to HCC, but its 
expression seemed comparable with ICC. It has been 
reported that LAMB1 overexpressed in several types of 
tumors and correlated with tumor metastasis and poor 
prognosis [32–34]. The prognosis value of LAMB1 was 
further screened tin TCGA database. The results sug-
gested that LAMB1 is elevated in a series of tumors, but 
LAMB1 is negatively correlated with both OS and DFS 
for LIHC, CHOL, and COAD (Additional file 1: Fig. S1). 
Most importantly, KEGG and GSEA analysis showed that 
LAMB1 played a pivotal role in pro-metastatic processes, 
including focal adhesion, ECM-receptor interaction, and 
cellular junction in LIHC, CHOL, and COAD, highlight-
ing that LAMB1 might also be a potential treating target 
for cHCC-ICC (Additional file  1:  Fig. S2). Since clinical 
transcriptome data of patients with cHCC-ICC remains 
very limited, we were able only to verify the expression 
of Lamb1 in current published data; further larger-scale 
studies should be performed to assess its clinical value. 
Summarily, the present study established a human-
resembling cHCC-ICC model via in situ electroporation. 
This novel preclinical model can be used to investigate 
the molecular feature of cHCC-ICC.
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Additional file 1. Figure S1. Multi-cancer analysis of the expression and 
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（1）发明专利：

（2）软件专利著作
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攻读博士学位期间拟开展的研究计划

一、已取得的主要研究成果： 
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二、博士学位期间拟开展研究课题： 

 

 

 

 

 

1. 拟开展研究的课题名称：

课题名称（中）：胸水可溶性 Fas 配体对结核性胸腔积液的诊断价值

课题名称（英）：Diagnostic value of soluble Fas ligand in pleural fluid for tuberculous pleural 

effusion
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2. 拟开展研究课题的国内外研究现状及选题意义： 

结核性胸腔积液的诊断现状 

TPE 的诊断手段[9]。 

结核性胸腔积液生化标志物的研究现状 
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生化标志物，以弥补 ADA 的不足，或将其取代[11, 19]。 

胸水中可溶性 Fas 配体是十分有潜质的 TPE 诊断标志物 
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3. 拟开展研究课题的研究内容、研究目标、创新性和预期成果： 

 

研究内容及技术路线 

(1) 比

实

及

差

相

(2) 采用受试者工作特征(ROC)曲线法分析胸水中 sFasL 的诊断性能。在本部分研究中，我

们 L

和

体

下

界

断

(PP

(3) 采用决策曲线法(DCA)分析胸水中 sFasL 和 ADA 为 TPE 患者带来的净受益。在本部分

研究中，我们主要利用 R 软件的 rmda 包绘制决策曲线，分析两者为 TPE 患者带来的净

受益。 

(4) 研究血清和胸水中的 sFasL 能否带来增量诊断信息(added value)。在本部分研究中，主

要 带来

增 白细

胞 旧模

型) (命名

为 stic)，

随 是否
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带来了增量诊断信息。 

(5) 以列线图(nomogram)的形式将联合诊断结果进行可视化。在本部分研究中，主要是在

小，

(6) 分析影响胸水 sFasL 诊断性能的因素。在本部分研究中，我们主要采用两种方法分析潜

析

年

sL

诊断性能的因素。 

 

技术路线： 

 

不明原因胸腔积液患者 

(nomogram) 
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研究目标 

(1) 阐

(2) 明 。 

(3) 探  

 

创新性 

本课 括评

价净受益 此前

的研究采  test)

的诊断性 数据

分析，结 学价

值和社会意义。 

 

预期成果 

预计在国际学术杂志上发表论文 1 篇。 

 

三、拟开展本课题研究的现有基础： 

 

已完成三篇相关课题的实验及论文的撰写： 

1. Yan Z#, tor as a 

Biomarke iew and 

Meta-An

2. Yan Z#, WQ. 

Diagnostic  for 

tuberculosi 428. 

(IF: 3.320

3. Yan Z#, ostic 

accuracy ural 

effusion. (
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通过参与这些临床研究和 meta 分析，我熟练掌握了诊断实验设计和统计学分析要点，

腔积

Open 

(呼和

因胸

京队

论更

。

科研计划到此截止
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十.材料12.其他材料

（1）个人简历，中文格式化简历，限 1 页，含证件照；

（2）个人陈述，要求：用英文撰写，格式不限，可包括既往学习和

研究经历，报考原因，学习计划等；

（3）社会活动与奖励，要求：个人特长，硕士期间参与的活动和受

到的奖励，并注明其中承担的具体工作；

（4）清晰单人生活照一张，无修图。
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（1）个人简历

姓名 性别 女 出生年月 1994.5

政治
面貌

党员
本人
手机

应急电话

本科
院校

所学
专业

生物技术

硕士
院校

所学
专业

遗传学

CET-4
成绩

CET-6
成绩

其它相关
证书

国家计算机

二级

学习工
作经历
（大学
开始）

起止年月 学习和工作单位 任何职务

2013.9-2017.6 班长

2017.2-2017.6 实习生

2017.6-2020.9 中国人民解放军军事科学院

军事医学研究院
科研助理

2020.9-2023.6 信阳师范学院 无

科研
成果

1. al
ca 2
Ap
2. 国

药

3. us
Ep e.
Ne
4.
及

掌握的
实验技
能

熟练掌握基原代细胞培养、细胞转染、流式细胞术、免疫荧光、Western blot、RT-PCR、

pull-down、分子对接、动物实验，并有蛋白质组测序生物信息学分析基础

参与
项目

1. 主

要工

2. 关

键技

获得
荣誉

8000元）

硕士期间综合测评排名

2022-2023 学年：1/17

2021-2022 学年：6/17

2020-2021 学年：7/17
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I g ing in
biotec many
school t and
excelle efore
pursui y and
pharm major
researc r and
NLRP eriod,
I am metry,
immun g and
animal aster
degree e won
first-cl main
researc from
proteo as the
first a been
submit e and
improv

Du e and
practic fields
deeply to go
on for

In bining
transcr brain
injury tolide
against

I' ill be
long, I s a searc .

（2）个人陈述
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（3）社会活动与奖励，要求：个人特长，硕士期间参与的活动和受到
的奖励，并注明其中承担的具体工作
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（4）清晰生活照
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