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Endothelial Shp2 deficiency controls
alternative activation of macrophage preventing
radiation-induced lung injury through notch signaling

Pan Liu,1,2 Yiqing Li,1 Mengyao Li,1,3 Hui Zhou,1 Huilun Zhang,1 Yuefei Zhang,1,4 Jiaqi Xu,5 Yun Xu,1,6 Jie Zhang,7

Bing Xia,8 Hongqiang Cheng,9 Yuehai Ke,1,* and Xue Zhang1,10,*

SUMMARY

Radiation-induced lung injury is a common late side effect of thoracic radio-
therapy. Endothelial dysfunction following leukocytes infiltration is a prominent
feature in this process. Here, we established a clinical-mimicking mouse model
of radiation-induced lung injury and found the activity of phosphatase Shp2 was
elevated in endothelium after injury. Endothelium-specific Shp2 deletion mice
showed relieved collagen deposition along with disrupted radiation-induced
Jag1expression in theendothelium. Furthermore, endothelium-derivedJag1acti-
vated the alternative activation of macrophages in vitro and in vivo by paracrine
Notch signaling. Consistently, the Notch pathway was significantly activated by
chest irradiation in theperipheral blood leukocytesof patientswith cancer. Collec-
tively, our work demonstrates that Shp2 participates in the radiation-induced
endothelial dysfunction and subsequently inflammatory microenvironment pro-
ducing during radiation-induced lung injury.Our findings indicate Shp2 as a poten-
tial target for radiation-induced lung injury and provide another way for endothe-
lium to participate in the pathological process of radiation-induced lung injury.

INTRODUCTION

Radiotherapy is an important and effective treatment for malignant tumors of the chest, but patients usually

experience varying degrees of radiation-induced lung injury after chest radiotherapy (Hanania et al., 2019).

Radiation-induced lung injury is a complex dynamic response process involving the dysfunction of multiple

cell types, constituting an inflammatory microenvironment in which endothelium and macrophages play

indispensable functions (Xu et al., 2018). The role of macrophage in this process has been well studied

because M1 macrophages contribute to acute radiation-induced lung injury while M2-macrophages

lead to radiation-induced lung fibrosis (Bickelhaupt et al., 2017; Hu et al., 2020; Huang et al., 2017).

Recently, increasing attention has been paid to the role of endothelium in the repair of tissue and organ

injury caused by radiotherapy (Baselet et al., 2019; Wiesemann et al., 2019).

In addition tomaintaining blood flowhomeostasis, the integrity of the gas–bloodbarrier and other physiological

functions, endothelium can synthesize and release a large number of adhesion molecules and cytokines that

drives the immune-inflammatory response after lung injury (Wiesemann et al., 2019). It is thought that radia-

tion-induced lung injury is preceded by vascular damage within a few weeks after radiation, such as the radia-

tion-induced oxidative burst and mesenchymal transition (Choi et al., 2016a, 2016b). After radiation exposure,

endothelial pro-inflammatory response occurs, followed by the vascular infiltration of immune cells of myeloid

and lymphoid origin, leading to tissue inflammation and fibrosis (Guipaud et al., 2018). The endothelium–

mesenchymal transition (EndMT) has recentlybeen reported tocontribute to radiation-induced lung injury, which

is blockedbyHSPB1andHIF1adeletion in the endothelium (Choi et al., 2015b, 2016b). However, themechanism

of vascular endothelial dysfunction in the radiation-induced inflammation microenvironment remains unclear.

Reversible protein phosphorylation is themolecular basis for the regulation of cell biological functions. Shp2 is a

non-receptor protein tyrosine phosphatase that participates in the regulation of various physiological and path-

ological processes (Xiao et al., 2018). Shp2 mutations have been detected in several diseases, such as A72G in

Noonan syndrome (Yu et al., 2014). Shp2 also has two important tyrosine sites (Y542 and Y580), which are
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Figure 1. Shp2 activation is induced by irradiation in endothelium

(A) Representative western blotting images of proteins in whole lung lysates (n = 6 per condition) showing the levels of total Shp2 and pShp2 Y542. b-actin

was used as a loading control. C57BL/6 mice were left untreated (control) or received 50 Gy of radiation in both lungs, and were sacrificed after two months.

(B) Protein levels of pShp2 Y542 normalized to Shp2 in (A) and repeat images were quantified by ImageJ.

(C) Phosphatase activity of Shp2 in whole lung lysates (n = 6 per condition) measured by determining the hydrolysis of p-NPP.

(D) Equal Shp2 was immunoprecipitated from lung lysates (n = 6 per condition) using a complex of protein A and Shp2 antibody to measure Shp2 activity.

(E) Representative western blotting images of total Shp2 and pShp2 Y542 in lysates of fibroblasts (HFL-1), endothelial cells (HUVEC), epithelial cells (MLE-12),

and macrophages (U937). b-actin was used as a loading control. Cells were irradiated with 10 Gy X-ray and then incubated for 40 min.

(F) Protein level of pShp2 Y542 normalized to Shp2 in (E) and repeat images were quantified by ImageJ, pshp2/Shp2 represented for the value of pShp2 level

compared to Shp2 level.

(G) Phosphatase activity of Shp2 in lysates of primary macrophages, endothelial cells (MLECs), epithelial cells (MLE-12), and fibroblasts (MLF) measured by

determining the hydrolysis of p-NPP.

(H) Immunofluorescence staining of pShp2 Y542 (red) and Shp2 (green) in HUVECs with or without irradiation. Nuclei were counterstained with DAPI (blue).

Scale bar, 20 mm.
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significantly associated with its phosphatase activity (Guo and Xu, 2020). Our recent studies showed that the

absence of Shp2 triggers pathological characteristics of lung injury in mice (Zhang et al., 2012). The absence

of Shp2 promotes macrophage type II activity, thereby accelerating the occurrence of bleomycin-induced

lung injury (Tao et al., 2014). Moreover, Shp2 inhibition inhibited the LPS and cigarette extract-induced lung

inflammation (Zhang et al., 2016a; Li et al., 2012). Recently, Tzouvelekis et al. found that Shp2-specific activation

in fibroblasts leads to a decrease in TGF-b signaling to reduce lung injury; in contrast, Zehender’s later study

showed that the absence of Shp2 leads to a decrease of the JAK/STAT signal, which caused an alleviation in

the symptoms of injury in the skin and lungs of mice (Tzouvelekis et al., 2017; Zehender et al., 2018). Shp2 is

widely involved in the inflammation and repair process after lung injury, but its role in radiation-induced lung

injury is not yet known. Here, we investigate the potential of Shp2 to be a drug target for radiation-induced

lung injury, one of the important side effects of tumor radiotherapy.

Vascular endothelium is the main component of pulmonary microvessels. It has been demonstrated that

Shp2 mediates chronic endothelial inflammation by reducing the production of nitric oxide (Giri et al.,

2012). Shp2 also plays an important role in mediating recovery of the vascular endothelial (VE)-cadherin-

related endothelial barrier (Ukropec et al., 2000). Moreover, our previous research found that mice with

endothelium-specific knockout of Shp2 show embryonic lethality, suggesting the importance of Shp2 in

the maintenance of vascular function (Zhang et al., 2019). However, the relationship between Shp2 in the

vascular endothelium and lung injury is still elusive. Our research provides an intrinsic mechanism for irra-

diated endothelium to regulate radiation-induced lung injury, as well as a potential therapeutic target in

the treatment of radiation-induced lung injury.

RESULTS

The phosphatase activity of Shp2 in endothelium is positively correlated with radiation

in vitro and in vivo

First, we established a clinical-mimicking mouse model of radiation-induced lung injury with the SARRP

used for small animals. Radiotherapy localization was established by a thoracic CT scan followed by a single

dose of 50 Gy or 0 Gy (sham-irradiation) delivered to the whole lung (Figure S1A). After two months, leu-

kocytes infiltration and collagen deposition in the irradiated lungs were significantly increased (Figure S1B).

a-SMA, Col1a, and Col2a were also elevated (Figures S1C and S1D).

Y542 phosphorylation of Shp2 (pShp2 Y542) is positively associated with its phosphatase activity (Guo and Xu,

2020). In the irradiated lungs, we found that pShp2 Y542 was significantly increased while the total Shp2 level re-

mainedunchanged (Figures1Aand1B), suggesting thatpShp2Y542contributes to radiation-induced lung injury.

ThenShp2was immunoprecipitated fromcontrol and irradiated lungs and its phosphatase activity was evaluated

usingp-NPP as a substrate (Figures 1Cand 1D).Consistently, Shp2phosphatase activity was increased in the irra-

diated lungs. Radiation-induced lung injury is a complex dynamic reaction process involving multiple cell types,

including fibroblasts, endothelial cells, epithelial cells, andmacrophages, together constituting an inflammatory

microenvironment (Xu et al., 2018). Thus, the pShp2 Y542 level and Shp2 activity in the primary cells isolated from

lungs or cell lines of fibroblasts (MLF, HFL-1), endothelial cells (MLECs, HUVECs), epithelial cells (MLE-12), and

macrophages (Macrophages,U937)wereevaluated40minafter irradiation (Figures1E and1F).Westernblotting,

phosphatase activity assays, and immunofluorescence results showed that thepShp2Y542 level andShp2activity

were specifically increased in endothelium after 10-Gy irradiation (Figures 1E–1H and S1G-L). In addition, a sig-

nificant elevation of co-localization of pShp2 Y542 with the endothelial marker IB4 was evident in irradiated lung

sections (Figure 1I). Moreover, in endothelium, pShp2 Y542 showed the highest level 40 min after irradiation in a

dose-dependent manner (Figures 1J–1M). Interestingly, collagen deposition in this model mainly occurred

Figure 1. Continued

(I) Immunofluorescence staining of pShp2 Y542 (green) and IB4 (red) in lung sections from control and irradiated mice, co-localization is shown in yellow.

Nuclei were counterstained with DAPI (blue). Scale bar, 20 mm.

(J) Western blotting showing total Shp2 and pShp2 Y542 levels in lysates of HUVECs irradiated with 10 Gy X-ray and incubated for 0, 20, 40, 60, and 120 min.

b-actin was used as a loading control.

(K) Protein levels of pShp2 Y542 normalized to Shp2 in (J) from three independent experiments were quantified by ImageJ.

(L) Western blotting showing total Shp2 and pShp2 Y542 levels in lysates from HUVECs irradiated with 0, 2.5, 5, 10, or 20 Gy X-ray and incubated for 40 min.

b-actin was used as a loading control.

(M) Protein levels of pShp2 Y542 normalized to Shp2 in (L) from three independent experiments were quantified by ImageJ.

Data were shown as the mean G SEM of three independent experiments. p-value was calculated using one-way ANOVA or two-tailed Student’s t test.

*p < 0.05, **p < 0.01, ***p < 0.001. See also Figure S1.
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Figure 2. Jag1 is elevated by radiation-induced activation of Shp2

(A) Heatmap showing clusters of top 20 genes induced (red) or repressed (blue) by Shp2 deletion.

(B) Relative Jag1 mRNA levels were analyzed by qRT-PCR in HUVECs 24 h after irradiation. shShp2 lentivirus were administered to HUVECs 24 h prior to

irradiation.

(C) Jag1 levels were assessed by western blotting in HUVECs lysates 48 h after irradiation. b-actin was used as a loading control. shShp2 lentivirus were

administered to HUVECs 24 h prior to irradiation.

(D) Protein levels of Jag1 normalized to b-actin in (C) from four independent experiments were quantified by ImageJ.
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around blood vessels rather than airways. Moreover, the expression levels of endothelial markers (CD31 and VE-

cadherin) were reduced in injured mouse lungs (Figures S1E and S1F). Taken together, radiation increases Shp2

phosphorylation and phosphatase activity in pulmonary endothelium of radiation-injured mice.

Radiation-induced endothelial dysfunction is independent of EndMT, ROS, and apoptosis in

Shp2-deficient endothelium

To further explore the physiological relevance of radiation-induced Shp2 activation in endothelium, HUVECs

were exposed to 10-Gy irradiation and then incubated for 48 h. Western blotting assays showed that radiation

elevated the level ofa-SMA, a fibroblasticmarker, while the level of the endothelial markerCD31 reduced. How-

ever, Shp2 deficiency did not involve in this process (Figure S2A). Similarly, Shp2 was not involved in the radia-

tion-induced endothelial oxidative burst or apoptosis (Figures S2B–S2E). Therefore, RNA-seq analysis was per-

formed in irradiated HUVECs transduced with shScr or shShp2 lentivirus. Venn diagrams showed three

independent biological replicates in two conditions (Figure S2F). Through the DisGeNET and DO database,

we found that the genes differentially expressed between irradiated control and Shp2-deletion HUVECs

were significantly related to lung injury and vascular disease (Figures S2H and S2J). GO enrichment analysis re-

vealed a significant change in signal transduction (Figure S2I). In addition, volcano plots and heatmaps revealed

that the Jag1 level was notably reversed by Shp2 deletion in HUVECs (Figures 2A and S2G). These data imply

that Jag1 is involved in radiation-induced endothelial dysfunction.

Radiation-induced Jag1 expression is blocked in Shp2-deficient endothelium

To confirm the RNA-seq results, qRT-PCR was performed in irradiated HUVECs. Shp2 deficiency reduced radi-

ation-induced Jag1, however, other significantly changed gene levels were independent of irradiation or Shp2

deletion (Figure S3A). Moreover, the mRNA level of Jag1, rather than other Notch ligands, was markedly

elevated in a time-dependent way after irradiation (Figures S3B and S3C), confirming that Shp2 deletion spe-

cifically blocked the radiation-induced Jag1 level in endothelium. Furthermore, western blotting analysis

showed radiation-induced Jag1 expression particularly in endothelium (Figure S3D), and it was disrupted by

shShp2 lentivirus treatment (Figures 2B–2D). Next, we generated transgenic mice with endothelial conditional

Shp2 knockout (Shp2 iECKO) in which the Cdh5-ERT2 construct reduced Shp2 expression after injection of

tamoxifen. Knockout efficiency was detected in the isolated primary mouse lung endothelial cells (MLECs) (Fig-

ures S3E–S3I). Immunofluorescence results revealed that the shShp2 administrated or Shp2 knockout in endo-

thelium suppressed the radiation-induced Jag1 level (Figures 2E, S3J, and S3K).

Shp2 phosphatase activity is tuned by an auto-inhibitory mechanism that requires a conformational change to

expose its conserved protein domain. The disease-associated coding variants Shp2 A72G and Shp2 C459S are

considered to be gain-of-function and loss-of-function mutants, respectively (Kontaridis et al., 2006; Yu et al.,

2014). To further evaluate the effect of Shp2 activation on Jag1, Shp2WT, Shp2 A72G, or Shp2 C459S was over-

expressed inHUVECs by lentivirus. The results showed that only Shp2A72Goverexpression significantly upregu-

lated Jag1 (Figures 2F–2I), suggesting that the phosphatase activity of Shp2 is associated with the level of Jag1.

Pretreatment with Shp099, an allosteric inhibitor of Shp2 (Dardaei et al., 2018), reduced radiation-induced Jag1

level in irradiatedHUVECs (Figures2J–2L). Inaddition, similar findingswereobtained inMLECs (FigureS3L–S3N),

confirming that inactivatedShp2 reduced the radiation-inducedJag1.Overall, Jag1 inendothelium is inducedby

radiation and is positively correlated with the phosphatase activity of Shp2.

Figure 2. Continued

(E) Immunofluorescence staining of Jag1 (red) and Shp2 (green) in MLECs 48 h after irradiation. Nuclei were counterstained by DAPI (blue). Scale bar, 50 mm.

(F) Relative Jag1 and Jag2 mRNA levels were analyzed by qRT-PCR in HUVECs overexpressing Shp2.

(G) Jag1 levels in Shp2 overexpressed HUVECs were assessed by western blotting. 3xFlag labeled Shp2 WT, Shp2 A72G, or Shp2 C459S lentivirus were

administrated for 48h. b-actin was used as a loading control.

(H) Protein levels of Jag1 normalized to b-actin in (G) from three independent experiments were quantified by ImageJ.

(I) Immunofluorescence staining of Jag1 (red) and Shp2 (green) in HUVECs 48 h after treatment with Shp2 WT, Shp2 A72G, or Shp2 C459S lentivirus. Nuclei

were counterstained with DAPI (blue). Scale bar, 50 mm

(J) Relative Jag1 and Jag2 mRNA levels were analyzed by qRT-PCR in HUVECs 24 h after irradiation. Shp099 (10 mM) was added to HUVECs 2 h prior to

irradiation.

(K) Jag1 levels were assessed by western blotting using proteins from HUVECs lysates 48 h after irradiation. b-actin was used as a loading control. Shp099

(10 mM) was added to HUVECs 2 h prior to irradiation.

(L) Protein levels of Jag1 normalized to b-actin in (K) from three independent experiments were quantified by ImageJ. Data were shown as the mean G SEM

of three or more independent experiments. p-value was calculated using one-way or two-way ANOVA. *p< 0.05, **p< 0.01, ***p< 0.001. See also Figures S2

and S3.
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Figure 3. Shp2 deletion blocks the radiation-induced Jag1 through b-catenin

(A) Results of three transcription factor prediction websites showing five common transcription factors of Jag1.

(B) Western blotting shows b-catenin level. Nuclear and cytoplasmic separation assay was performed in HUVECs 6 h after irradiation. Lamin-B1 was used as a

loading control for nuclei, and GAPDH for cytoplasm. shShp2 was administered to HUVECs 48 h prior to irradiation.

(C) Protein levels of nuclear b-catenin normalized to Lamin-B1 in (B) from four independent experiments were quantified by ImageJ.

(D) Immunofluorescence staining of b-catenin (red) and Shp2 (green) in MLECs 6 h after irradiation. Nuclei were counterstained with DAPI (blue). Scale bar,

50 mm.

(E and F) Luciferase activity of TCF/LEF reporter was measured in 293T cells 24 h after irradiation. Luciferase activity is normalized to Renilla activity.
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Shp2 deletion inhibits radiation-induced Jag1 expression via the b-catenin pathway

We next dissected the molecular mechanism by which Shp2 regulated radiation-induced Jag1. First, we

analyzed the sequence of the Jag1 promoter in three transcription factor prediction websites (Figure 3A);

b-catenin/LEF was identified as a potential transcription factor of Jag1. Upon Wnt signal activation, b-cat-

enin accumulates in the cytoplasm and is transferred to the nucleus by transactivation of TCF/LEF, thereby

resulting in the expression of target genes (Clevers, 2006). After irradiation, increased nuclear accumulation

of b-catenin in endothelium was detected by western blotting, while Shp2 knockdown clearly reduced the

nuclear translocation of b-catenin (Figures 3B and 3C). Moreover, the active b-catenin exhibited the same

trend (Figure S4A). Therefore, mutant b-catenin (active b-catenin) was overexpressed in b-catenin knock-

down HUVECs, Jag1 level was found to be markedly raised by mutant b-catenin (Figures S4C and S4D).

Immunofluorescence staining of irradiated control or Shp2 iECKOMLECs and HUVECs also revealed that Shp2

deletion disrupted the nuclear accumulation of b-catenin after irradiation (Figures 3D and S4B). Transcriptional

activation assays using a luciferase reporter driven by a consensus TCF/LEF response element showed that ra-

diation-induced reporter activity was markedly suppressed upon Shp2 knockdown or inhibition, indicating

that Shp2 mediates endothelial irradiation responses by activating b-catenin signaling (Figures 3E and 3F).

Next, to confirm that Shp2 deletion blocked the radiation-induced Jag1 through b-catenin, Shp2 A72G was

overexpressed in b-catenin knockdown (KD) HUVECs. As shown in Figures 3G and 3H, b-catenin-KD disrup-

ted the elevated Jag1 induced by Shp2 A72G. Wnt agonist 1 is a cell-permeable Wnt signaling activator

that induces b-catenin-dependent transcriptional activity (Kim et al., 2017). The Jag1 level was significantly

increased in Wnt agonist 1-treated HUVECs (Figure S4E). In addition, the reduced Jag1 level was rescued

byWnt agonist 1 in Shp2-deficient HUVECs (Figures 3I, 3J, and S4F), indicating that activated Shp2 elevates

the Jag1 level through the b-catenin pathway. Moreover, co-immunoprecipitation assays showed that ra-

diation promoted the interaction between Shp2 and b-catenin (Figure 3K). Taken together, Shp2 regulates

the radiation-induced Jag1 level via the b-catenin pathway in endothelium.

Radiation-induced lung injury is relieved in Shp2 iECKO mice

Radiation-induced lung injury includes acute inflammation and subsequent chronic fibrotic phenotypes. To

further explore the role of endothelial Shp2 in radiation-induced lung injury in vivo, Shp2 iECKO and con-

trol mice received a single dose of 20-Gy whole lung irradiation a week after tamoxifen injection for 5 days

(Figure 4A). As evidenced by H&E and Masson’s trichrome staining (Figures 4B and 4C), endothelial-spe-

cific Shp2 deletion ameliorated the radiation-induced leukocytes infiltration and collagen deposition.

Col1a protein (Figures 4D and 4F), as well as Col1a and Col2a mRNA levels (Figures 4G and 4H) were

reduced in irradiated Shp2 iECKO lungs compared to those in control lungs. In addition, the hydroxypro-

line content (Figure 4I), leukocytes infiltration in BALF, and blood were also decreased (Figures 4J and 4K).

In the early stage, inflammation and mild fibrosis are revealed in lungs, which contribute to later chronic

fibrosis. To evaluate the effect of endothelial Shp2 in the early stage, 50-Gy whole lung irradiation was

delivered to Shp2 iECKO and control mice, lung sections and tissue were obtained two months or two

weeks later (Figures S5A and S6A). The inflammation level, collagen deposition (Figures S5B–S5G, and

S6B–S6E), and hydroxyproline content (Figure S5H) induced by radiation in Shp2 iECKO mice were signif-

icantly lower than those in irradiated control mice. Inflammatory factors such as IL-1b, IL-6, and IL-10 pro-

duction were notably reduced in irradiated Shp2 iECKO mice (Figures S5I–S5L, S6G, and S6H). In line with

in vitro results, the Jag1 mRNA and protein levels were upregulated in irradiated control lungs but not in

Shp2 iECKO lungs (Figures 4L–4N, S5M, and S5N). Moreover, Jag1 and IB4 displayed co-localization in

Figure 3. Continued

(G) Western blotting showing Jag1 levels in HUVECs lysates. b-actin was used as a loading control. shb-catenin was administered 24 h before overexpressing

Shp2 A72G.

(H) Protein levels of Jag1 normalized to b-actin in (G) from four independent experiments were quantified by ImageJ.

(I) Western blotting showing Jag1 levels in HUVECs lysates. b-actin was used as a loading control. HUVECs were treated with shShp2 lentivirus for 36 h. Wnt

agonist 1 (2 mM) was added for 24 h.

(J) Protein levels of Jag1 normalized to b-actin in (I) from four independent experiments were quantified by ImageJ.

(K) Co-immunoprecipitation of Shp2 in 293T cells exposed to 10 Gy for 24 h assessed for the presence of b-catenin. The expression of b-catenin and Shp2

were detected in the corresponding lysates.

Data were shown as the mean G SEM of three or more independent experiments. p-value was calculated using one-way ANOVA. **p < 0.01, ***p < 0.001.

See also Figure S4.
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lung tissues, indicating that Jag1 was specifically elevated in endothelium (Figure S5O). These results indi-

cate that Shp2 exacerbates radiation-induced lung injury by supporting Jag1 expression.

Alternative activation of macrophages is inhibited in irradiated Shp2 iECKO mice

It has been increasingly recognized that endothelium is a critical determinant of radiotoxicity in healthy tis-

sues, and the microvascular niche is one of the most sensitive after radiation (Choi et al., 2018). In irradiated

mice, we found that macrophages accumulated around the endothelium, implying that endothelium may

affect macrophages in the process of radiation-induced lung injury (Figure 5A).

During lung regeneration after radiation, macrophages in a chronic inflammation microenvironment un-

dergo alternative (M2) activation to acquire pro-fibrosis functions (Vannella and Wynn, 2017). Thus, we

next examined whether Shp2-deficient endothelium affects macrophage activation in injured mice. qRT-

PCR results showed that the levels of several M2 macrophage markers, such as Arg1, Fizz1, and Ym1,

were significantly higher in irradiated control mice than in Shp2 iECKO mice (Figures 5B and S6F). The

co-localization of CD68 (a macrophage marker) and Arg1 was markedly elevated in irradiated control

mice but not in Shp2 iECKOmice (Figure 5C). To further confirm the role of endothelial Shp2 inmacrophage

activation in vivo, alveolarmacrophages (AMs)were separated from theBALFofmice. Activation of AMswas

apparently greater in irradiated control mice than in Shp2 iECKO mice (Figures 5D, S6I, and S6J).

Jag1, a ligand of Notch signaling, has been reported to regulate macrophage polarization contributing to dis-

eases such as tissue inflammation and regeneration (Huanget al., 2018; Yin et al., 2018). Ligand-receptor binding

activates Notch signaling and subsequently promotes the transcription of HES1 and HEY1 (Artavanis-Tsakonas

et al., 1999). Thus, we next detected the Notch receptors Notch1, Notch2, andNotch3, and the HES1 and HEY1

levels in AMs, and found that HES1 and HEY1 exhibited the same trend as theM2 activation marker genes (Fig-

ure 5E). In addition, the Notch3 mRNA level, but not Notch1 or Notch2, was elevated in the AMs of irradiated

control mice, and this was impaired by Shp2 knockout in endothelium (Figure 5F). Altogether, our data indicate

that Shp2 knockout in endothelium inhibits the alternative activation ofmacrophages induced by radiation, thus

relieving the radiation-induced inflammation microenvironment in mice lungs.

The absence of Shp2 in irradiated endothelium restrains macrophage alternative activation

through Notch signaling

To confirm the effect of Shp2-deficient endotheliumonmacrophages in vitro, irradiatedShp2-deficientHUVECs

were co-cultured with macrophages (Figure 6A). Immunofluorescence staining showed that macrophages co-

cultured with irradiated HUVECs exhibited an M2-like phenotype, which was disrupted by Shp2 deficiency (Fig-

ures 6B and S7A). Then, macrophages were isolated to assess the levels of marker genes of M2 activation. The

levels of Arg1, Fizz1, and Ym1 weremarkedly increased inmacrophages co-cultured with irradiated control HU-

VECs but not those co-cultured with Shp2-deficient HUVECs (Figures 6C, S7B, and S7C). HES1, HEY1, and

Notch3 showed the same trend (Figures 6D, 6E, and S7D). The overexpression of Shp2 A72G in endothelium

also activated macrophages while the control or Shp2 C459S had no change (Figures 6F and 6G). DAPT, a g-

Figure 4. Shp2 iECKO mice exhibit reduced lung injury in response to radiation

(A) Schematic illustrating the radiation-induced lung injury mouse model. Shp2 iECKO and control mice were injected with 20 mg/kg tamoxifen for 5 days,

then subjected to thoracic radiation with 20 Gy a week later. Lungs (n = 6 per condition) were obtained from mice 6 months after irradiation.

(B) Lung sections from Shp2 iECKO and control mice with or without 20-Gy irradiation stained with H&E (left) or Masson’s trichrome (right) to determine lung

injury. Scale bar, 50 mm.

(C) Fibrotic areas in (B) were measured by randomly selecting microscopic fields in ImageJ.

(D) Col1a and a-SMA levels were assessed by western blotting using proteins of whole lung lysates. b-actin was used as a loading control. All samples were

biologically independent and three independent experiments were performed.

(E and F) Protein levels of Col1a and a-SMA normalized to b-actin in (D) were quantified by ImageJ.

(G and H) Relative Col1a and Col2a mRNA levels in irradiated lung tissues were measured by qRT-PCR.

(I) Total hydroxyproline content in irradiated lungs from Shp2 iECKO and control mice.

(J and K) Total leukocyte counts in BALF and blood from control and Shp2 iECKO mice with or without 20-Gy irradiation.

(L) Relative Jag1 mRNA levels in irradiated lungs by qRT-PCR.

(M) Jag1 levels were assessed by western blotting using proteins from irradiated lung lysates. b-actin was used as a loading control. All samples were

biologically independent and three independent experiments were performed.

(N) Protein levels of Jag1 normalized to b-actin in (M) were quantified by ImageJ.

Data were shown as the meanG SEM of three independent experiments. p-value was calculated using one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figures S5 and S6.
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secretase inhibitor, suppresses Notch signaling by preventing the cleavage of Notch receptors (Qian et al.,

2019). IL-4 is known to promote the M2 activation of macrophages. To further establish that Notch signaling

positively regulates macrophage M2 activation, DAPT was added to IL-4 treated macrophages, and the FCM

and qRT-PCR results showed that DAPT inhibited the M2 activation of macrophages (Figures S7E–S7H). More-

over, DAPT inhibited the M2 activation of macrophages that were directly treated with rhJag1 or co-cultured

with irradiatedendothelium (Figures 6H, 6L, and S8A). Similarly, HES1 andHEY1 showed the same trend in these

macrophages (Figures 6I, S8B, and S8C). Nevertheless, when Jag1 was immunodepleted by an anti-Jag1 anti-

body, the activation of macrophages was disrupted (Figures 6J and 6K).

Next, we found that endothelium under tumormicroenvironment wasmore sensitive to irradiation, as H460 con-

ditionalmedium (CM)promoted radiation-inducedJag1 level inHUVECs (Figure 6M).Given this,we thenverified

our findings during clinical tumor radiotherapy. Peripheral blood leukocytes were extracted from patients with

tumor before or after chest radiotherapy, in line with our findings,M2 andNotch signaling activationwere signif-

icantly elevated in peripheral blood leukocytes from patients after chest radiotherapy (Figure 6N). In summary,

Figure 5. Specific Shp2 knockout in endothelium suppresses M2 activation of macrophages in injured lungs

(A) Immunofluorescence staining of irradiated lung sections with IB4 (endothelial marker, red) and F4/80 (macrophage marker, green), F4/80 positive cells

that observed nearly to (%5 mm) IB4 positive cells were considered to be accumulated. Nuclei were counterstained with DAPI (blue). Scale bar, 20 mm.

(B) qRT-PCR analysis of relative Arg1, Fizz1, and Ym1 mRNA levels in lung tissues from irradiated control and Shp2 iECKO mice.

(C) Immunofluorescence staining of Arg1 (red) and CD68 (green) in lung sections from control and Shp2 iECKO mice 6 months after irradiation. Nuclei were

counterstained with DAPI (blue). Scale bar, 20 mm.

(D) qRT-PCR analysis of relative Arg1, Fizz1, and Ym1 mRNA levels in AMs from the BALF of irradiated control and Shp2 iECKO mice.

(E and F) qRT-PCR analysis of relative HES1, HEY1, Notch1, Notch2, and Notch3 mRNA levels in AMs from the BALF of irradiated control and Shp2 iECKO

mice.

Data were shown as the mean G SEM of three independent experiments. p-value was calculated using one-way or two-way ANOVA. *p < 0.05, **p < 0.01,

***p < 0.001. See also Figure S6.
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endothelial Shp2 contributes to radiation-induced inflammation microenvironment by promoting the Notch

signaling-mediated M2 activation of macrophages (Figure 7).

DISCUSSION

Radiation-induced lung injury is increasingly becoming a dose-limiting factor for radiation therapy with the

progress of tumor therapy. Endothelium is a critical determinant of radiotoxicity in healthy tissues, as radiation

induces vascular damage and subsequent leukocyte recruitment, resulting in alteration of the microenviron-

ment (Choi et al., 2018; Klein et al., 2016; Korpela and Liu, 2014). However, the mechanisms by which endothe-

lium is involved in radiation-induced lung injury are not fully understood. Previous studies have reported that

Shp2 is highly involved in the process of lung injury caused by LPS, cigarette extract, or bleomycin (Zhang

et al., 2016a; Li et al., 2012; Tao et al., 2014). However, the role of Shp2 in radiation-induced lung injury remains

unclear. Here, we firstly found that Shp2 is a key regulator of radiation-induced lung injury.

The phosphatase activity of Shp2 is closely related to its phosphorylation, Y542 and Y580 are the main

phosphorylation sites at the tail end of Shp2 (Guo and Xu, 2020). In the analysis of irradiated mouse lungs,

pShp2 Y542 and Shp2 phosphatase activity were dramatically increased, further stressing that this process

particularly occurred in endothelium, and suggesting that activated Shp2 in endothelium is associated with

radiation-induced lung injury.

To further explore how endothelial Shp2 is involved in radiation-induced lung injury, RNA-seq analysis was per-

formed in irradiated control and Shp2-deficient HUVECs. The results showed that Jag1, a ligand of Notch

signaling, is likely to be associated with radiation-induced endothelial dysfunction. In line with the RNA-seq re-

sults, we confirmed that the radiation-induced Jag1 level was notably reduced by Shp2 deficiency in endothe-

lium. Moreover, the Jag1 level in endothelium was closely related to the phosphatase activity of Shp2.

To elucidate the mechanism of how Shp2 regulates the Jag1 level in endothelium, we found b-catenin as a tran-

scription factor using bioinformatics methods. Further results indicated that radiation-induced nuclear accumu-

lation of b-catenin was disrupted by Shp2 deficiency. In addition, Shp2 activation failed to elevate the Jag1 level

when b-catenin was lost. Moreover, Wnt agonist 1, an activator of b-catenin-dependent transcription, restored

the Jag1 level in Shp2-deficient HUVECs, indicating the critical role of b-catenin in this process.

Radiation causes endothelial activation, inflammation with subsequent mild fibrosis in the early stage, and

endothelial dysfunction with chronic inflammation and moderate fibrosis in the long stage (Wiesemann

et al., 2019). To verify the pathological effects of endothelial Shp2 in the mouse model of radiation-induced

lung injury, we created two short-term (2 weeks and 2 months) models and a long-term (6 months) model of

radiation-induced lung injury in Shp2 iECKO mice. The Shp2 iECKO mice showed less inflammation and

collagen deposition after irradiation than control mice. In line with our findings in vitro, the radiation-

induced Jag1 level was lower in the lung endothelium of irradiated Shp2 iECKO mice.

Figure 6. The absence of Shp2 in irradiated endothelium restrains M2 macrophage activation via Notch signaling

(A) Scheme illustrating the experimental setup.

(B) Immunofluorescence staining of Arg1 (red) in PMs co-cultured with irradiated Shp2-deficient HUVECs. Nuclei counterstained with DAPI (blue). Scale bar,

50 mm.

(C) qRT-PCR analysis of relative Arg1, Fizz1, and Ym1 mRNA levels in PMs co-cultured with irradiated Shp2-deficient HUVECs for 24 h.

(D and E) qRT-PCR analysis of relative HES1, HEY1, Notch1, Notch2, and Notch3 mRNA levels in PMs co-cultured with irradiated Shp2-deficient HUVECs for

24 h.

(F andG) qRT-PCR analysis of relative qRT-PCR analysis of relative Arg1, Fizz1, and Ym1 (F), HES1, HEY1, and Notch3 (G) mRNA levels in PMs co-cultured with

overexpressed Shp2-mutant MLECs for 24 h.

(H and I) qRT-PCR analysis of relative Arg1, Ym1, HES1, and HEY1 mRNA levels in BMDMs treated with rhJag1 (250 ng/mL) for 24 h. DAPT (20 mM) and rhJag1

were added when endothelium co-cultured with macrophages.

(J and K) qRT-PCR analysis of relative Arg1, Fizz1, and Ym1 (J), HES1, HEY1, and Notch3 (K) mRNA levels in PMs co-cultured with irradiated HUVECs for 24 h.

Anti-Jag1 antibody (2 mg/mL) was added before co-culture.

(L) qRT-PCR analysis of relative Arg1, Fizz1, and Ym1 mRNA levels in PMs co-cultured with irradiated HUVECs for 24 h. DAPT (20 mM) was added when co-

culture started.

(M) Jag1 level was measured 48 h after 10-Gy irradiation by western blotting. H460 CM was added 6 h before irradiation.

(N) qRT-PCR analysis of relative Fizz1, HES1, and Notch3 mRNA levels in peripheral blood leukocytes from patients before (n = 17) or after (n = 23) chest

irradiation.

Data were shown as the mean G SEM of three independent experiments. p-value was calculated using Student’s t test and one-way or two-way ANOVA.

*p < 0.05, **p < 0.01, ***p < 0.001. See also Figures S7 and S8.
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Radiation induces vascular damage and subsequent leukocyte recruitment, thus leading to an inflammation

microenvironment (Korpela and Liu, 2014). As a key regulator of lung regeneration, macrophages exhibit an

M1phenotype contributing to inflammation, rapidly thereafter, this turns to amore pro-regenerativeM2 pheno-

type leading to chronic fibrosis. It has been reported that endothelium-derived lactate promotes macrophage

polarization contributing tomuscle regeneration (Zhang et al., 2020). Another report indicats that radio-resistant

tumor endothelium recruits SDF-1+ tumor-associatedmacrophages and stimulates their M2 activation, thus pro-

moting anti-tumor immune responses (Choi et al., 2018). In support, we showed here that macrophages were

closely co-localized with endothelial cells in irradiated lung sections, furthermore, macrophages showed an

M2 phenotype in irradiated lungs. We further demonstrated that M2 activation of AMs was impaired in Shp2

iECKOmice. Besides, macrophages co-culturedwith irradiated Shp2-deficient endothelial cells showed amark-

edly decreasedM2 phenotype. Notch signaling is strongly associated with regeneration as it has been reported

to be markedly elevated in renal regeneration, systemic sclerosis, cardiac fibrosis, and pulmonary regeneration

(Huang et al., 2018; Nemir et al., 2014; Dees et al., 2011; Yin et al., 2018). In our study, endothelium-derived

Jag1 stimulation by activatingNotch signaling inmacrophages, andDAPT, an inhibitor of Notch signaling, effec-

tively inhibited endothelium-derived Jag1-activated macrophages, demonstrated that the process of endothe-

lium-activated macrophages is dependent on paracrine Notch signaling contributing to the radiation-induced

inflammation microenvironment and lung injury.

Several reports indicate that endothelium contributes to radiation-induced lung injury by themesenchymal

transition, the oxidative burst, and apoptosis (Choi et al., 2015b, 2016a, 2016b). We conclude that the acti-

vation of macrophages in irradiated endothelium by paracrine Notch signaling which provides another way

for endothelium to participate in the pathological process of radiation-induced lung injury, suggesting that

targeting endothelium is a potential strategy for lung injury.

Figure 7. Proposed mechanism by which endothelial Shp2 mediates radiation-induced lung injury

Schematic illustration showing the mechanism and the role of Shp2 in regulating radiation-induced lung injury.
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Our findings firstly demonstrate that endothelial Shp2 is a key regulator of radiation-induced lung injury.

Recently, the successful development of Shp2 inhibitors with oral bioavailability indicates that targeting

Shp2 become a promising strategy for clinical cancer treatment (Chen et al., 2016). These inhibitors in-

hibited the proliferation of cancer cells driven by receptor tyrosine kinase in vitro and in vivo (Fedele

et al., 2018; Ruess et al., 2018; Dardaei et al., 2018; Mainardi et al., 2018). What’s more, they have entered

phase II clinical trials, and are expected to have broad prospects in translational therapy (Song et al., 2021).

Shp2 also plays an important role in regulating blood vessels, as Shp2 inhibitors relieve pulmonary arterial

hypertension and atherosclerosis (Cheng et al., 2018; Chen et al., 2018). Our results provide unique insight

into the mechanisms by which endothelial Shp2 regulates radiation-induced lung injury, demonstrate that

endothelial Shp2 deficiency relieves radiation-induced injury in mice lungs, and strongly argue for Shp2 in-

hibition as a potential strategy for lung injury and cancers.

Limitations of the study

Our study demonstrates that endothelial Shp2 regulates the pathological process of radiation-induced

lung injury by activation of b-catenin and Notch signaling. Nevertheless, the interaction of Shp2 and b-cat-

enin may be indirect, some other substrates of Shp2 such as CDC73 may involve in the process, and the

underlying mechanism of this interaction needs further study. In addition, our results suggest that the

administration of Shp099 or Shp099 and the Notch inhibitor combination is potential therapy for clinical

radiation-induced lung injury. As its aim to solve the side effects of chemotherapy, whether this therapy

will benefit malignant tumors control, requires further research.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Shp2 Cell Signaling

Technology

Cat. # 3397

Anti-Shp2 Sigma Cat. # PA5-17956

Anti-Shp2 Santa cruz Cat. # sc-7384

Anti-Shp2 (phospho Y542) Abcam Cat. # ab62322

Anti-Jag1 diagbio Cat. # db8690

Anti-Jag1 Cell Signaling

Technology

Cat. # 70109

Anti-Jag1 R&D Cat. # AF-1277

Anti-b-catenin Abcam Cat. # ab32572

Anti-b-catenin Abcam Cat. # ab223075

Anti-Active-b-catenin Cell Signaling

Technology

Cat. # 8814S

Anti-Col1a Proteintech Cat. # 14695-1-AP

Anti-a-SMA Cell Signaling

Technology

Cat. # 19245

Anti-CD31 Abcam Cat. # ab28364

Anti-CD31 R&D Cat. # AF3628

Anti-VE-cadhenrin eBioscience Cat. # AB2864994

Anti-Lamin-B1 Proteintech Cat. # 12987-1-AP

Anti-GAPDH diagbio Cat. # bd106

Anti-b-tubulin Huabio Cat. # M1305-2

Anti-b-actin Huabio Cat. # AC026

Anti-Arg1 Proteintech Cat. # 16001-1-AP

Anti-CD68 BioLegend Cat. # 137006

Anti-CD206 BioLegend Cat. # 141720

Anti-CD11b BioLegend Cat. # 101206

Anti-IB4-Alexa Fluor 594 Invitrogen Cat. # I21413

Anti-F4/80 Cell Signaling

Technology

Cat. # 70076

Rabbit Control IgG Abclonal Cat. # AC005

Goat anti Mouse IgG (H+L) Alexa Fluor Plus 488 Invitrogen Cat. # A32723

Goat anti Rabbit IgG (H+L) Alexa Fluor Plus 488 Invitrogen Cat. # A32731

Goat anti Mouse IgG (H+L) Alexa Fluor Plus 555 Invitrogen Cat. # A32727

Goat anti Rabbit IgG (H+L) Alexa Fluor Plus 555 Invitrogen Cat. # A32732

Donkey anti Goat IgG (H+L) Alexa Fluor Plus 647 Invitrogen Cat. # A32849

Goat anti mouse IgG HRP MultiSciences Cat. # 70-GAM007

Goat anti rabbit IgG HRP MultiSciences Cat. # 70-GAR007

800CW Goat anti-Rabbit LI-COR Biosciences Cat. # 925-32211

(Continued on next page)
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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 Xue Zhang (zhangxue@zju.edu.cn).

Material availability

This study did not generate new unique reagents.

Data and code availability

d All data are included in the published article and the supplemental information files are available from

the lead contact upon request. The RNA sequence datasets during this study are available at the

Gene Expression Omnibus (GEO) site with accession number GEO: GSE191056.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

680RD Goat anti-Mouse LI-COR Biosciences Cat. # 925-68070

Bacterial and virus strains

shShp2 #1 this manuscript N/A

shShp2 #2 this manuscript N/A

shShp2 #3 this manuscript N/A

shb-catenin #1 this manuscript N/A

shb-catenin #2 this manuscript N/A

Shp2 WT this manuscript N/A

Shp2 A72G this manuscript N/A

Shp2 C459S this manuscript N/A

Mutant-b-catenin Addgene Cat. # 82176

pGL4.49(luc2P/TCF-LEF RE/Hygro) Promega Cat. # E4611

Chemicals, peptides, and recombinant proteins

Recombinant Human Active Shp2 protein R&D Cat. # 1894-SH-01M

Recombinant Human Jag1 protein Novoprotein Cat. # CB95

IL-4 Novoprotein Cat. # CK15

MCS-F Novoprotein Cat. # CJ46

Human TGF-b1 Perprotech Cat. # 96-100-21-2

Critical commercial assays

Shp099 Selleck Cat. # S6388

DAPI Thermo Fisher Cat. # 62248

DAPT Selleck Cat. # 208255-80-5

Wnt agonist 1 Selleck Cat. # S8178

Deposited data

RNA-Seq this study GEO:GSE191056

Software and algorithms

GraphPad Prism8 Graphpad https://www.graphpad.com/

ImageJ Schneider et al., 2012 (Schneider et al., 2012) https://imagej.nih.gov/ij/

Biorender Biorender http://biorender.com/
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EXPERIMENTAL MODELS AND SUBJECTS DETAILS

Mice

Shp2 flox/flox mice were generated as previously described (Xiao et al., 2018). Shp2 flox/+; Cdh5-

CreERT2/+ mice were obtained by mating Shp2 flox/flox mice with Cdh5-CreERT2 mice. Then, Cdh5-

CreERT2/+ Shp2 flox/flox mice were generated by intercrossing Cdh5-CreERT2/+ Shp2 flox/+ mice. Fe-

male mice were used within 6-8 weeks. CreERT2 recombinase activity and gene deletion in these trans-

genic mice were induced by daily injection of tamoxifen (Sigma-Aldrich) for 5 days. All mice were housed

under specific pathogen-free conditions, and the experimental protocols were approved by the Zhejiang

University Institutional Animal Care and Use Committee.

Radiation-induced lung injury mouse model

For whole lung irradiation, mice received irradiation with a small-animal radiation research platform

(SARRP, XStrahl Medical and Life Sciences) in the Zhejiang Key Laboratory of Radiation Oncology. The pro-

cedures were as described previously (Zeng et al., 2020). Briefly, mice (anesthetized with 1% sodium pento-

barbital, i.p.) were laid on the apparatus, then, radiotherapy localization was established by thoracic CT

scan (with 50 KV X-ray at 0.8 mA and filtered with 1.0 mm aluminum). Whole-lung irradiation was imple-

mented with isocentric ARC-field irradiation (220 KV X-ray, 13 mA, SSD 345 mm and a 0.15 mm Cu filter).

A single dose of 50 Gy, 20 Gy, or 0 Gy (sham-irradiation) was administered to the whole lung. The field

size was 10 mm 3 10 mm. Before irradiation, the accurate position of the lungs was ensured by a digital

radiograph. The dose for normal tissue (heart and spinal cord) was constrained to the lowest level.

METHOD DETAILS

Lung histopathology

Mice were euthanized, the lungs were harvested, fixed in 4% neutral buffered formalin, and paraffin sec-

tions were prepared. Paraffin-embedded sections were deparaffinized as previously described (Gong

et al., 2019), then stained with hematoxylin and eosin (H&E, Beyotime) to evaluate changes in lung

morphology or with a Masson’s trichrome staining kit (Nanjing Jiancheng) to visualize collagen in lung

tissue.

Broncho-alveolar lavage fluid (BALF) and alveolar macrophage (AMs) isolation

Irradiated and control mice were sacrificed by pentobarbital injection. BALF from mice was collected as

described previously and centrifuged at 500x g for 5 min at 4�C, supernatants were stored at –80�C for

ELISA (Zhang et al., 2016b).

AMs were isolated as described previously (Guo et al., 2017). Briefly, cell pellets from BALF were re-sus-

pended in RIPM 1640 (Gibco) with 10% heat-inactivated fetal bovine serum (FBS, Biowest) and 50 units/

ml penicillin and streptomycin (Gibco), then plated for 2 h; non-adherent cells were washed out with

PBS, and macrophages were enriched �90%.

Cell culture and treatment

Human umbilical vein endothelium cells (HUVECs) were isolated and identified as described previously

(Baudin et al., 2007; Zhang et al., 2019). HUVECs (passages 2-6) were cultured in 53% M199 (Corning)/

37% human endothelial serum-free mixed medium (Gibco) with 10% FBS (Biowest) and endothelial cell

growth supplement (Millipore). Cells were exposed to different doses of radiation using an X-ray linear

accelerator (Rad Source Technologies) at a dose rate of 1.201 Gy/min. Lentiviral particles were directly

delivered into cells in OPTI-MEM (Gibco). Shp099 (10 mM) was added to HUVECs 2 h prior to irradiation.

H460 conditional medium was added to HUVECs 6 h prior to irradiation.

Bone marrow-derived macrophages (BMDMs) were isolated from wild type C57B/L6 mice as described

previously (Guo et al., 2016). Peritoneal macrophages (PMs) were isolated as described previously (Guo

et al., 2018). Briefly, wild-type C57B/L6 mice were injected with 4% thioglycolate (i.p., Merck), 4 days later,

peritoneal cells were rinsed and inoculated on the culture plate, the adherent cells were �95% CD11b+F4/

80+ macrophages, confirmed by flow cytometry. In the following experiments, BMDMs or PMs were co-

cultured with HUVECs, or treated with interleukin (IL)-4 (20 ng/ml; Peprotech) and DAPT (20 mM, Selleck).

In addition, recombinant human Jag1 (rhJag1, 250 ng/mL, Novoprotein) and anti-Jag1 antibody (2 mg/ml,

R&D) were directly added to BMDMs or PMs before co-culture.
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MLECs were isolated as described previously (Huang et al., 2020). Briefly, lung tissues from control and

Shp2 iECKO mice (4-6 weeks) were cut into 1 mm3 pieces and digested in solution which containing

2 mg/mL collagenase type I (Sigma-Aldrich), 1 mg/mL dispase (Roche), and 10 mg/mL DNase (Roche) in

DPBS (Dulbecco’s PBS, Corning) for 45 min with 80 rpm shaking at 37�C. Enzymes were neutralized with

Dulbecco’s modified Eagle’s medium (DMEM) containing 20% FBS and a 40 mm cell strainer (Thermo Fisher

Scientific) was used to collect cells, which were further purified using magnetic beads (Thermo Fisher Sci-

entific) coated with anti-mouse CD31 (BD Bioscience). Cells were cultured in DMEM (Gibco) containing 20%

FBS (Biowest), 15 mg/L endothelial cell growth supplement (Millipore), 1% nonessential amino-acids

(Thermo Fisher Scientific), and 0.1 mg/mL heparin (Sangon Biotech). Cells were�90% CD31+ or IB4+ endo-

thelial cells, confirmed by immunofluorescence staining as CD31 and IB4 are specific markers of endothe-

lium (Wang et al., 2016; van Berlo et al., 2014; Chen et al., 2012; Choi et al., 2015a).

In vitro co-culture system

MLECs from Control and Shp2 iECKOmice lungs were exposed to 10 Gy irradiation, HUVECs were admin-

istrated with shScr or shShp2 lentivirus for 24 h, then exposed to 10 Gy irradiation. Next, BMDMs or PMs

were isolated and added to co-cultured with MLECs or HUVECs, the number of co-cultured macrophages

and endothelium were almost the same. After co-culture for 24 h, BMDMs or PMs were separated to detect

the level of M2 or Notch signaling activation. 250 ng/mL rhJag1 or 2 mg/mL anti-Jag1 antibody was added

before co-culture.

Human blood samples

The blood samples were provided by the Affiliated Hangzhou Cancer Hospital, Zhejiang University School

of Medicine (Hangzhou, China) and the research has been approved by Medical Ethics Committee of

Hangzhou Cancer Hospital. Leukocytes were isolated from the peripheral blood of tumor patients under-

going thoracic radiotherapy (n=23) or the control group (n=17), and TRIzol was used to extract RNA.

Detailed information of patients were shown in Supplementary Table S1. Written informed consent was ob-

tained from all patients.

Phosphatase activity assay

Proteins from cells and lung tissue were isolated in RIPA buffer, and Shp2 was immunoprecipitated as

described above. The catalytic activity of Shp2 was monitored using the surrogate substrate paranitro-

phenyl phosphate (p-NPP, Sigma-Aldrich). The immune complexes of Shp2 were washed five times in

PBST buffer and once in phosphatase buffer (30 mM HEPES pH 7.4, 120 mM NaCl). Then, the proteins

were re-suspended in 200 ml phosphatase assay buffer (30 mM HEPES pH 7.4, 120 mM NaCl, 5 mM p-

NPP, 1 mM DTT and 65 ng/ml bovine serum albumin) and incubated at 30�C for 30–120 min. Hydrolysis

of p-NPP was measured by reading the absorbance at 405 nm on a microplate reader. A standard curve

(0, 0.5, 1, 2, 4, and 8 ng) was generated using recombinant human Shp2 (Abcam).

RNA isolation and quantitative real-time PCR (qRT-PCR)

Total RNA from cells or lungs was extracted using TRIzol according to the manufacturer’s instructions. RNA

was then reverse-transcribed to cDNA using the ReverTraAce qPCR RT kit (Toyobo). Gene expression was

quantified by qRT-PCR using an SYBR Green kit on the CFX96 Touch� Real-Time PCR Detection System

(Bio-Rad). The primer sequences are listed in Supplementary Table S2. Quantification was performed using

the 2�DDCt method relative to the expression of ACTB or 18s rRNA.

RNA-seq analysis

RNA from irradiated HUVECs treated with shShp2 lentivirus or shScr lentivirus was extracted using the RNA

Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies). Then RNA-seq analysis was

performed on the Hiseq 4000 platform by Novogene (China). One microgram of RNA per sample was

used for the RNA sample preparations. The differential expression under two conditions (three biological

replicates per condition) was analyzed using the DESeq2 R package. Genes with an adjusted p-value < 0.05

and a fold change < –1.5 or > 1.5 were assigned as differentially expressed. Gene Ontology (GO) enrich-

ment analysis was implemented using the clusterProfiler in R package. GO terms with corrected p-value <

0.05 were considered significantly enriched. Disease Ontology (DO) terms with corrected p-value < 0.05

were considered significantly enriched. DisGeNET pathways with corrected p-value < 0.05 were consid-

ered significantly enriched in differentially-expressed genes.
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Western blotting

Cells or lung tissue were lysed in RIPA buffer (Beyotime) containing Na3VO4 (1 mM), protease inhibitor

cocktail, and phosphatase inhibitor (phosSTOP, Roche), and the protein concentration was quantified by

bicinchoninic acid assay (Beyotime). Equal amounts of protein were separated by SDS-PAGE, then trans-

ferred onto a nitrocellulose membrane (Pall Corp). The membranes were incubated at 4�C overnight

with primary antibodies against Jag1 (Cell Signaling Technology), Shp2 (Cell Signaling Technology),

pShp2 Y542 (Abcam), b-catenin (Abcam), active-b-catenin (Cell Signaling Technology), Col1a (Proteintech

Group), a-SMA (Cell Signaling Technology), CD31 (Abcam), VE-cadherin (Ebioscience), Lamin-B1 (Protein-

tech Group), GAPDH (Daige), b-tubulin (Huabio), and b-actin (Huabio). Thematched fluorescein-linked sec-

ondary antibodies (LI-COR Biosciences) were used to visualize proteins by incubation at room temperature

for 1 h. The membranes were scanned with Odyssey (LI-COR Biosciences) and quantified by ImageJ.

Co-immunoprecipitation

For co-immunoprecipitation, cells were lysed in NP-40 lysis buffer containing Na3VO4 (1 mM), protease in-

hibitor cocktail, and phosSTOP for 1 h at 4�C. The lysates were then incubated with protein A magnetic

bead (Bio-Rad)-conjugated Shp2 antibody (Cell Signaling Technology) overnight at 4�C. Protein levels

were determined by western blotting as described above.

Immunofluorescence staining

Lung sections were incubated at 65�C for 1 h, then heated in citrate antigen-retrieval solution for 30 min

(Solarbio). 0.5% TritonX-100 was used for permeabilization and 5% FBS was used for blocking. Sections

were incubated with primary antibodies against Jag1 (Cell Signaling Technology), Shp2 (Sigma-Aldrich),

pShp2 Y542 (Abcam), IB4 (Invitrogen), a-SMA (Cell Signaling Technology), Arg1 (Proteintech Group),

and CD68 (Ebioscience) overnight at 4�C. The matched fluorescein-linked secondary antibodies (Invitro-

gen) were used for visualization by incubation at room temperature for 1 h. Nuclei were stained with 4,6-

diamidino-2-phenylindole (DAPI, Beyotime). Images were acquired with an Olympus IX81-FV1000

microscope.

Cells on slides were fixed with 4% paraformaldehyde for 20 min, then permeabilized with 0.1% TritonX-100

for 20 min.

Flow cytometry (FCM)

Cells were washed with cold PBS and stained with fluorochrome-conjugated monoclonal antibodies

against mouse CD206 (BioLegend) and CD11b (BioLegend) in the dark for 30 min at 4�C. Then cells

were subjected to FCM analysis using an AECA NovoCyte TM system (ACEA Biosciences). Data were

analyzed by FlowJo.

ELISA

IL-1b, IL-6 and IL-10 cytokine concentrations in BALF from irradiated and control mice were quantified using

ELISA kits (EBioscience).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics

Data were shown as the mean G SEM of three or more independent experiments. Statistical analysis was

performed using Student’s t test (two-tailed unpaired) for two groups, ANOVA for multi-group comparison

(one-way or two-way ANOVA followed by Tukey’s post hoc tests or multi-comparisons) by GraphPad Prism,

p<0.05 was considered to be statistically significant.

Power analysis

Power analysis, which was performed by ‘‘pwr’’ package in the G Power statistical analysis program, was

applied with an analysis of variance (ANOVA) to determine the sample size for animal model. The results

indicated that at least 5 samples for each group were needed. The curve between the required minimum

sample size and the effect size was made under different statistical power. Statistical power=0.9 was

selected to create a plot, which indicated the minimum sample size required for effect size=1.0 is n=5.

Thus 5 samples per group is required to reach 90% power in this study.
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