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Notch activation defines immune-suppressive
subsets of ccRCCs with unfavorable benefits
from immunotherapy over VEGFR/mTOR inhibitors

Sujun Han,1,7 Yu Xu,2,7 Dong Chen,1 Feiya Yang,1 Mingshuai Wang,1 Qiaoxia Zhou,2 Guoqiang Wang,2 Leo Li,2

Chunwei Xu,3 Wenxian Wang,4 Shangli Cai,2 and Nianzeng Xing1,5,6,8,*

SUMMARY

The evolutionarily conserved Notch pathway, involved in cancer stem cell capacity and cancer immunity,
may predict the benefit from immune checkpoint inhibitors (ICIs) in clear cell renal cell carcinoma (ccRCC).
In the TCGA dataset, mRNA expression of Notch pathway genes identified three clusters with different
prognoses and molecular characteristics. Based on the differentially expressed Notch pathway genes be-
tween clusters, we constructed the Notch-score, correlated with Notch activation, angiogenesis, PI3K-
AKT-mTOR activity, and sensitivities to VEGFR/mTOR inhibitors. A high Notch-score was linked with
more ‘‘resting’’/‘‘anti-inflammatory’’ rather than ‘‘activated’’/‘‘pro-inflammatory’’ tumor-infiltrating
immune cells, inactivated immune pathways, and scarce any benefits from ICI-based therapies over
VEGFR/mTOR inhibitors in the JAVELIN Renal 101 (avelumab plus axitinib vs. sunitinib) and the
CheckMate-009/010/025 trials (nivolumab vs. everolimus). For the Notch-activated ccRCCs, ICIs provide
limited advantages and might not be strongly recommended, by which the cost-effectiveness of treat-
ments in ccRCCs may be potentially improved.

INTRODUCTION

Worldwide, renal cell carcinoma (RCC) strikesmore than 400,000 people annually,1 of which approximately 70% are the clear cell RCC (ccRCC)

subtype.2 For early-stage ccRCCs, surgical or ablative strategies can be effective; however, nearly one-third of patients present with advanced

diseases develop metastasis.3 Due to the chemotherapy-resistant feature of ccRCCs, the prognosis of late-stage patients was dismal until

targeted agents and immune checkpoint inhibitors (ICIs) became integrated into treatment algorithms.4 Compared to targeted therapies,

ICI-based immunotherapies deliver the opportunity for a long-term response, although observed merely in a minority of patients.5–7 These

phenomena emphasize the vitality of investigating biomarkers linked with the benefits from ICI-based immunotherapies over conventional

inhibitors targetingmTORor vascular endothelial growth factor receptor (VEGFR), whichmight provide guidance for individualized treatment

choice and management of ccRCCs.

The Notch pathway is an evolutionarily highly conserved signaling mechanism that occurs via short-range cell-cell interaction between

Notch receptors (NOTCH1-4) and ligands (Jagged1, Jagged2, delta-like canonical NOTCH ligand 1 [DLL1], DLL3, and DLL4).8 Receptor-

ligand interaction leads to proteolytic cleavage of the receptor by ADAM metalloproteases and g-secretases,9 liberating the intracellular

domain of Notch receptor (NICD). The NICD then migrates to the nucleus, where it regulates cell fate determination, differentiation, and tis-

sue-specific gene expression.9,10 In addition, the NICD can participate in a variety of non-canonical signals, such as nuclear factor-kB, PI3K-

AKT, WNT, and transforming growth factor b (TGF-b).11

The Notch signaling plays crucial roles in kidney development, maintenance, and disease. In the developing kidney, the Notch signaling

regulates the maturation/exit of nephron progenitor cells, nephron formation and segmentation, proximal tubule morphogenesis, the ‘‘salt

and pepper’’ patterning of principal and intercalated cells in collecting duct, and ureteric bud branching.12 In the developed kidney, this
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signaling also controls the ratio of principal cells to intercalated cells in collecting duct and is engaged in the pathogenesis of acute/chronic

renal injury, diabetic nephropathy, hereditary diseases such as Alagille syndrome and Hajdu-Cheney syndrome, and kidney cancers.12–17

The Notch pathway is involved in many aspects of cancer biology and antitumor immunity. First, the Notch signaling regulates the self-

renewal and differentiation of cancer stem cells (CSCs).18 CSCs can promote immune escape by regulating tumor-associated macrophages

which in turn affected the differentiation and proliferation of CSCs through cytokines.19 Second, the Notch pathway mediates the commu-

nication between tumor cells and tumor immune microenvironment (TIME). In basal-like triple-negative breast cancer, a Notch-dependent

paracrine loop between tumor cells andmacrophages leads to suppressive TIME.20 Anti-Jagged1/2 therapy in tumor-bearingmousemodels

enhanced the efficacy of T cell-based immunotherapy, partly via increasing the infiltration levels of reactive CD8+ T cells and CD11c+ immu-

nostimulatory cells.21 Third, in ccRCC, the Notch signaling can positively regulate angiogenesis via the DLL4-NOTCH and the Jagged1-

NOTCH bindings,22 and angiogenesis was negatively linked with inflamed TIME and immunotherapy benefit.23–26

Based on these observations indicating the pivotal roles of Notch activation in regulating CSC maintenance, angiogenesis, DDR, and

TIME, we hypothesized that Notch activation might define an immune-suppressive phenotype associated with the poor benefit from ICIs

in ccRCC. In this study, we aimed to (i) describe the genomic and transcriptomic features of the Notch pathway genes, (ii) construct the

Notch-score reflecting Notch activation, (iii) explore the biological and immune correlates of the Notch-score, and (iv) investigate the asso-

ciations of theNotch-scorewith drug sensitivities (e.g., VEGFR/mTOR inhibitors) and the benefit from ICI-based immunotherapy over VEGFR/

mTOR inhibitors in advanced ccRCCs (summarized in Figure 1).

RESULTS

The genomic and transcriptomic landscapes of the Notch pathway genes

Based on theNotch pathway-related signatures in the cBioPortal platform andmolecular signatures database and previous researches,15,27,28

62 genes (4 Notch receptors, 30 related to transmitting signal to the nucleus, and 28 related to the transcriptional regulation by the NICD,

Table S1) were determined as the Notch pathway genes and were analyzed in our study.

Figure 1. Study design

Abbreviations: PARP = poly-ADP-ribose polymerase, TCGA-KIRC = The Cancer Genome Atlas-Kidney Renal Clear Cell Carcinoma. TGF = transforming growth

factor, VEGF = vascular endothelial growth factor.
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In The Cancer Genome Atlas-Kidney Renal Clear Cell Carcinoma (TCGA-KIRC) cohort, the frequencies of genomic alterations of most

Notch pathway genes were low (<5.0%), except MAML1 (25.3%), KAT2B (13.6%), SPEN (12.3%), and EP300 (6.3%, Figure S1). Particularly,

deep deletions were enriched in KAT2B and amplifications were common in MAML1. These results are similar to those in a previous study

analyzing an older version of the TCGA cohort with a different analytical pipeline.29

Mutations of any Notch pathway gene (referred to as ‘‘Notch mutations’’ hereafter) were observed in 72.9% of samples. Notch mutations

co-occurredwith themutations in VHL (odd’s ratio [OR] = 1.68, p = 0.015), PBRM1 (OR= 1.97, p = 0.002), SETD2 (OR= 2.20, p = 0.004),ARID1A

(OR = 3.77, p = 0.002), BAP1 (OR = 2.72, p = 0.001), PTEN (OR = 3.54, p = 0.057), and TP53 (OR = 3.76, p = 0.044), and Notch mutations and

KDM5C mutations tended to be mutually excluded (OR = 0.52, p = 0.084). Compared to normal renal tissues, 66.1% (41/62) of the Notch

pathway genes expressed higher and 14.5% (9/62) expressed lower in the tumor samples (Figure 2A). Taken together, the genomic and tran-

scriptomic alterations of the Notch pathway genes indicate their potential roles in the tumorigenesis and development of ccRCC.

The Notch pathway defines an aggressive subtype with immune suppression

We first analyzed the pairwise correlations between the mRNA level of each Notch pathway gene (Figure 2B). Most expression levels were

positively correlated with each other, except for RBPJL, PSENEN, DLL3, and HES7. Moreover, we performed unsupervised clustering based

on the mRNA levels of the 62 Notch pathway genes. According to the curve of cost change of K-medoids (Figure S2), classifying all ccRCC

samples into 3 clusters was optimal (Figure 2C). ThemRNA expression of these genes in themRNA-cluster B was between themRNA-clusters

A and C (Table S2), indicating that the mRNA-cluster B does not represent a unique subtype, but rather an intermediate state between the

mRNA-clusters A and C.

Most genes tended to express higher in themRNA-cluster A except RBPJL, PSENEN,DLL3, andHES7 (Table S2), consistent with the result

of pairwise correlation. Moreover, the mRNA-cluster A with higher expression of most genes had a better prognosis, while the mRNA-cluster

C with relatively lower expression had a poorer overall survival (OS, p < 0.001, Figure 2D), consistent with previous results suggesting the

relationship between long survival and high expression ofNOTCH1, JAG1/2,DLL4, andHEY1.30 We further analyzed the pairwise correlation

between each long non-coding RNA (lncRNA) and themRNA expression of each Notch pathway gene (Figure S3A). ThemRNA-lncRNA pairs

with a correlation R value over 0.80 and a p value below 0.05 were selected for constructing the mRNA-lncRNA network (Figure S3B). These

lncRNAs might possess potentials of regulating the expression of corresponding Notch pathway genes.

Furthermore, we estimated the associations of the mRNA-cluster with (i) clinicopathological features, (ii) the genomic alterations of

commonly mutated genes, (iii) the enrichment score of HALLMARK gene sets, and (iv) immune cell infiltration. The mRNA-cluster C tended

to have less mutations in VHL (39.5% vs. 54.8%, p = 0.046) and PBRM1 (37.0% vs. 51.6%, p = 0.087, Figure 3A). ThemRNA-cluster A with higher

expression of most Notch pathway genes had higher scores of the pathways related to Notch (p < 0.001), angiogenesis (p < 0.001), and PI3K-

AKT-mTOR (p < 0.001, Figure 3B), suggesting that the activation of Notch pathway might be associated with a better response to antiangio-

genic agents and PI3K-AKT-mTOR inhibitors. In addition, the mRNA-cluster C had a higher score of the DNA damage repair pathway

(p < 0.001) and a lower score of the TGF-b pathway (p < 0.001, Figure 3B) and tended to have more ‘‘activated’’/‘‘pro-inflammatory’’ rather

than ‘‘resting’’/‘‘anti-inflammatory’’ tumor-infiltrating immune cells (TIICs, Figure 3C). For instance, fewer resting memory CD4+ T cells

(p < 0.001), resting natural killer (NK) cells (p = 0.086), and resting mast cells (p < 0.001), and more activated memory CD4+ T cells

(p = 0.023), activated NK cells (p = 0.021), CD8+ T cells (p = 0.011), and follicular helper T cells (p < 0.001) were observed in the mRNA-cluster

C. The inactivation of the TGF-b pathway and the activation of immune cells have been shown to promote tumor response to ICI treatment.31

Taken together, these results suggest that the Notch inactivation might indicate a poor response to VEGFR/mTOR inhibitors and a favorable

response to ICI treatment in ccRCC.

Construction of a Notch-score and its biological and immune correlates

We aimed to establish a score to estimate the level of Notch activation for the following biomarker analysis (referred to as the Notch-score).

The mRNA-cluster B was intermediate between the mRNA-clusters A and C, in terms of expression of Notch pathway genes (Figure 2C and

Table S2), survival (Figure 2D), ssGSEA scores of HALLMARK pathways (Figure 3B), and immune cell infiltration (Figure 3C). Given these, by

using the differentially expressed genes between the mRNA-clusters A and C, we could establish a score to reflect Notch activation.

We compared the mRNA expression of Notch pathway genes between themRNA-cluster A and C. In total, 55 Notch pathway genes were

highly expressed in the mRNA-cluster A, and two were lowly expressed (adjusted p value < 0.05, Figure 4A and Table S2). The 2 ‘‘lowly ex-

pressed’’ genes are DLL3 and PSENEN. DLL3 has been identified as an inhibitory Notch ligand,15 and the knockdown of PSENEN by siRNA

upregulated the expression of NOTCH1 in adipocytes.32 We also observed negative correlations between the mRNA levels of PSENEN and

NOTCH receptor genes (NOTCH1-4, Figure 4A). These results suggest that the expression of DLL3 and PSENENmight be negatively corre-

lated with Notch activation.

To reflect the level of Notch activation in ccRCCs, we constructed theNotch-score using the 55 ‘‘highly expressed’’ and 2 ‘‘lowly expressed’’

Notch pathway genes. First, we separately calculated the two ssGSEA scores of the ‘‘highly expressed’’ and the ‘‘lowly expressed’’ genes.

Then, the value of the ssGSEA score for ‘‘highly expressed’’ genes minus the score for ‘‘lowly expressed’’ genes was defined as the Notch-

score (Figure 4A), which could effectively differentiate the samples of the mRNA-clusters A, B, and C (p < 0.001). The Notch-score was lower

in the samples with worse histological grade (p < 0.001), or in the TCGA-4 cluster in the TCGAResearchNetwork study33 (p < 0.001, Figure 4B).

Besides, the Notch-score was not associated with sex (p > 0.10) and TNM stage (p > 0.10, Figure 4B).
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To evaluate the robustness of the Notch-score, we analyzed a wider range of signatures (1,603 Reactome signatures) in the three indepen-

dent cohorts including the TCGA-KIRC dataset, the JAVELIN Renal 101 trial (abbreviated as ‘‘JAVELIN’’ hereinafter), and the CheckMate-009/

010/025 (CM-009/010/025) trials. To begin with, we calculated Spearman’s correlations of theNotch-scorewith the ssGSEA scores of the 1,603

Reactome signatures in these three cohorts (Figure 4C; for detailed results, please see Data S1). Although the TCGA dataset is dominated by

early-stage ccRCCs while the other two trials include advanced/metastatic ccRCCs only, these correlations of the Notch-score with other

pathways in different cohorts were highly consistent (TCGA and JAVELIN: Rho = 0.82, p < 0.001; TCGA and CM: Rho = 0.77, p < 0.001;

JAVELIN and CM: Rho = 0.87, p < 0.001, Figure 4D), demonstrating the considerable credibility of the Notch-score in both early- and

late-stage ccRCCs.

P

A

B

D

C

Figure 2. Clustering based on the expression of the Notch pathway genes

(A) The mRNA expression of the Notch pathway genes and the tumor and normal kidney tissues in the TCGA-KIRC cohort. Data are displayed as median and

quartiles. The Mann-Whitney test: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

(B) Pairwise correlation of the Notch pathway genes in the TCGA-KIRC cohort.

(C) Unsupervised clustering based on the mRNA expression of the Notch pathway genes in the TCGA-KIRC cohort.

(D) Association of the mRNA-clusters with overall survival in the TCGA-KIRC cohort. Abbreviations: TCGA-KIRC = The Cancer Genome Atlas-Kidney Renal Clear

Cell Carcinoma.
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First, the Notch-score was remarkably associated with the enrichment scores related to the Notch pathway (Figure 4E), indicating that the

Notch-score can reflect the level of Notch activation. Second, the Notch-score was negatively correlated with the scores related to DNA

repair, cell cycle, cell death, antigen processing and presentation, B/T cell receptor downstream signaling, and metabolism of steroids,

and was positively correlated with the scores concerning the TGF-b, PI3K-AKT, and VEGF pathways (Figure 4E). Third, consistent with the

previously described results, the Notch-score tended to be correlated with more ‘‘resting’’/‘‘anti-inflammatory’’ rather than ‘‘activated’’/

‘‘pro-inflammatory’’ TIICs (Figure 4F). Taken together, these results indicate the robust associations of the Notch-score with pathway activity

and TIME, and might suggest the potential utility of the Notch-score in predicting the responses to VEGFR/mTOR inhibitors and immuno-

therapy in ccRCC.

Associations of the Notch-score with drug sensitivity in ccRCC cell lines

Based on the IC50 data of ccRCC cell lines in the Genomics of Drug Sensitivity in Cancer database, we analyzed the associations of the Notch-

score with the sensitivities to targeted agents (Figure 4G). Histone deacetylase (HDAC) inhibitors induce growth arrest and apoptosis via

modulating multiple pathways in cancer cell lines; however, these inhibitors can also lead to Notch activation that partially attenuates their

antitumor activities in return.34,35 This side effect was speculated to be redundant in the tumor cells where the Notch signaling has already

been strongly activated. This hypothesis was supported, to some extent, by the association between a high Notch-score and sensitivities to

HDAC inhibitors, such as vorinostat (Q < 0.001) and entinostat (Q < 0.001, Figure 4G).

Poly-ADP-ribose polymerase (PARP) inhibitors exert antitumor functions in the tumors with homologous recombination deficiency. In

accordance with the negative correlation between the Notch-score and the activation of homologous recombination repair (Figure 4E),

the Notch-score was negatively associated with the IC50 of PARP inhibitors (Figure 4G). In addition, a high Notch-score was associated

with the inactivation of the cell cycle signaling and the activation of the PI3K-AKT-mTOR and VEGF pathways (Figure 4E), corroborated by

its correlations with low sensitivities to the agents causing cell-cycle arrest and high sensitivities to the PI3K-AKT-mTOR and VEGFR inhibitors

(Figure 4G). These results indicate that the ccRCCs with a high Notch-score might respond well to VEGFR/mTOR inhibitors.

The Notch-score predicts the benefits from avelumab plus axitinib over sunitinib

We further investigated the association of the Notch-score with the benefit from immunotherapy over VEGFR/mTOR inhibitors in two large

datasets from the JAVELIN (avelumab plus axitinib vs. sunitinib) and the CM-009/010/025 trials (nivolumab vs. everolimus).

To explore a cutoff value of the Notch-score with optimal predictive power and verify it, the 726 ccRCC patients with available RNA-seq

data in the JAVELIN cohort were randomly separated into a training set (n = 484) and a validation set (n = 242) with a ratio of 2:1. The basic

characteristics and the Notch-score of this cohort are shown in Figure 5A. The difference in the association of a biomarker with survival across

treatment arms is the essential proof of its predictive utility.36 In the training set, for each cutoff value ranging from 20th to 80th percentiles, we

calculated the treatment effect in the below-cutoff and the above-cutoff subgroups. The treatment effect was larger in the low Notch-score

group than the high Notch-score group at all cutoffs (Figure 5B). The difference in treatment effect between these two subgroups reached its

maximumat the cutoff of the 64.7th percentile (interaction hazard ratio [HR] = 0.47, 95% confidence interval [CI] 0.27–0.80, p = 0.006, Figure 5B).

At this cutoff, the benefit from avelumab plus axitinib over sunitinib was considerable in the low Notch-score group (HR = 0.48, 95% CI 0.34–

0.67, Log rank p < 0.001) while negligible in the high Notch-score group (HR = 0.99, 95% CI 0.64–1.52, Log rank p = 0.95, Figure 5C). Com-

parable results were observed in the validation set using the same cutoff (low Notch-score: HR = 0.63, 95% CI 0.40–0.98, Log rank p = 0.039;

high Notch-score: HR = 1.01, 95% CI 0.54–1.89, Log rank p = 0.97, Figure 5D).

In the total set of all 726 patients, patients with a low Notch-score had higher survival on avelumab plus axitinib and poorer survival on

sunitinib monotherapy, leading to a larger benefit (Figure 5E). The interaction effect between the Notch-score and treatment effect was sig-

nificant (interaction HR = 0.55, 95% CI 0.35–0.85, p = 0.007, Table S3). We performed a multivariable analysis using the data provided by the

JAVELIN researchers involving age, sex, programmed cell death-ligand 1 (PD-L1), CD8+ T cell, tumor mutational burden, intratumoral het-

erogeneity, and the clusters defined by the TCGA Research Network study.33 The interaction effect remained significant in the multivariable

model (multivariable interaction HR = 0.55, 95% CI 0.35–0.86, p = 0.008, Table S3).

As endogenous NOTCH antagonists, delta-like non-canonical Notch ligand 1/2 (DLK1/2) can bind NOTCH receptors competitively with

canonical ligands such as Jagged1 and DLL4, thereby reducing Notch activity.37 In response to acute renal inflammation, DLK1 expression

was more dramatically modified compared to DLK2.38 In ccRCCs where the Notch pathway is commonly activated,30 DLK1 was lowly ex-

pressed while DLK2 had higher expression in comparison to normal kidney tissues.39,40 These previous findings suggest that within DLK1

and DLK2, DLK1 might function as a major inhibitor of Notch activity in ccRCCs. Given these, we hypothesized that DLK1, rather than

DLK2, may possess the opposite predictive power of the Notch-score.

In the JAVELIN cohort, the mRNA data shared by researchers have two significant figures with a minimum scale value of 0.01. 80.9% and

34.8% of samples had expression ofDLK1 andDLK2 of 0.01, respectively, resulting in poor discrimination in these fractions of samples. There-

fore, we sought to analyze the associations of DLK1/2 expression with treatment benefits in the samples with expression above 0.01. High

Figure 3. Associations of the mRNA-clusters with clinicopathological features, genomic alterations, hallmark pathways, and immune cell infiltration

(A–C) The associations of themRNA-clusters with clinicopathological features and the genomic alterations of commonlymutated genes (A), the enrichment score

of Hallmark gene sets (B), and immune cell infiltration (C) in the TCGA-KIRC cohort. Data are displayed as median and quartiles. The Kruskal-Wallis test: *,

Q < 0.05; **, Q < 0.01; ***, Q < 0.001. Abbreviations: TCGA-KIRC = The Cancer Genome Atlas-Kidney Renal Clear Cell Carcinoma.
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DLK1 expressionwas linkedwith a larger benefit at nearly all cutoffs (Figure 5F), while the treatment effects in the highDLK2group and the low

DLK2 group were comparable (Figure 5G).

As we observed associations of a high Notch-score with high sensitivity to sunitinib in cell lines (Figure 4G) and long PFS on first-line su-

nitinib (Figure 5E), we planned to further validate these findings in the E-MTAB-3267 cohort containing 53 ccRCC patients with available

mRNAdata treatedwith sunitinib in the first-line setting.41 A highNotch-score was associatedwith long PFS at all available cutoffs (Figure 5H).

At the cutoff of 64.7th percentile, the HR was 1.55 (95% CI 0.80–3.01) with a Log rank p value of 0.19; the statistical power was limited by the

small sample size. In addition, high DLK1 expression trended to be associated with short PFS with a greater degree compared to DLK2

(Figure 5I).

Taken together, a high Notch-score was linked with a limited benefit from avelumab plus axitinib over sunitinib, indicating that the ccRCCs

with a highNotch-scoremay not benefit fromadditional ICI on top of VEGFR tyrosine kinase inhibitor (TKI). The predictive power of theNotch-

score was further corroborated by the opposite predictive value of DLK1 expression.

The Notch-score predicts the benefits from nivolumab over everolimus

In the CM-009/010/025 cohort, we calculated the Notch-score of the 311 patients with available RNA-seq data (Figure 6A). At the cutoff (the

64.7th percentile) derived from the training set of the JAVELIN cohort, the interaction effect was significant (HR = 0.61, 95% CI 0.37–1.00,

p = 0.049, Figure 6B). Nivolumab delivered a significant PFS benefit over everolimus in the low Notch-score subgroup (HR = 0.73, 95% CI

0.54–1.00, p = 0.046) rather than in the high Notch-score subgroup (HR = 1.15, 95% CI 0.77–1.70, p = 0.91, Figure 6C). Moreover, the inter-

action effect remained significant in the multivariable model (multivariable interaction HR = 0.58, 95% CI 0.35–0.96, p = 0.035, Table S3). In

addition, high expression of DLK1, rather than DLK2, was associated with a high treatment benefit (Figures 6D and 6E), consistent with pre-

viously described findings in the JAVELIN cohort (Figures 5F and 5G). These findings revealed the relationship between a high Notch-score

and a limited benefit from nivolumab over everolimus. In summary, compared to VEGFR/mTOR inhibitors, ICI-based immunotherapies might

be recommended for the Notch-activated ccRCCs.

DISCUSSION

In this study, we first observed that most (50/62) Notch pathway genes differentially expressed in ccRCCs compared with normal renal tissues.

Based on the mRNA expression of the Notch pathway genes, ccRCC samples were classified into three clusters with different immune char-

acteristics and prognoses. Next, we constructed the Notch-score representing Notch activation and observed the associations of a low

Notch-score with the inactivation of the VEGF and the PI3K-AKT-mTOR pathways and inflamed TIME in three independent cohorts. Further-

more, we revealed that a low Notch-score may predict poor sensitivities to VEGFR/mTOR inhibitors in ccRCC cell lines and remarkable ben-

efits from ICI-based immunotherapy to VEGFR/mTOR inhibitors in the JAVELIN and the CM-009/010/025 trials.

Notch activation exerts multiple oncogenic effects, such as CSC maintenance, induction of epithelial-mesenchymal transition, angiogen-

esis, and inhibition of apoptosis.42 In ccRCC, inhibition of the Notch signaling blocks the proliferation and self-renewal of CSCs in organoids

and impairs tumor growth in patient-derived xenografts inmice.30,43,44 In our study, themRNA-cluster A with higher expression ofmost Notch

pathway genes had the longest OS among all clusters. These observations might be seemingly counterintuitive. However, in cell and animal

experiments, the difference between experimental and control groups was usually whether activation of the Notch pathway in the same cell

line or xenograft (self-contrastedmethod); in the clinical cohort analysis, it was comparing tumors that were dependent on theNotch pathway

to those possibly dependent on other pathways. Different types of ccRCCs may depend on different pathways, and Notch-dependent

ccRCCs may progress more slowly than those dependent on other pathways, thus exhibiting a relatively better prognosis. Similar results

can also be observed in previously published articles where genomic alterations of Notch pathway genes and high expression of JAG1/2,

NOTCH1,DLL4, andHEY1 are associatedwith better survival.29,30 This phenomenon can also be observed in other cancer types. For instance,

EML4-ALK translocation, a well-knownoncogenic genomic alteration in lung adenocarcinoma, was associatedwith better survival.45 Based on

our findings and published results from other researchers, oncogenic impacts and the association with better prognosis may not be

conflicting.

Notch activation can affect the activity of other cancer-related signaling pathways, such as PI3K-AKT, TGF-b, HIF1a,11 VEGFR1,22

VEGFR2,22,46 cell cycle,47–49 and DNA damage response.50,51 In the present study, we also observed the associations of the Notch-score

with the pathways described previously, indicating that our Notch-score can efficiently reflect Notch activation and these associations might,

Figure 4. Construction of the Notch-score and its associations with clinicopathological features, Reactome pathways, and immune cell infiltration

(A) Volcano plot illustrating the differences of the mRNA levels of the Notch pathway genes between the mRNA-clusters A and C; the formula of the Notch score

and its utility in differentiating the samples of the mRNA-clusters A and C.

(B) Association between the Notch-score and clinicopathological features. Data are displayed as median and quartiles.

(C) Diagram of the analysis based on the Notch score and Reactome pathways.

(D) The correlation of the Rho values of a single signature between three datasets (TCGA, JAVELIN Renal 101, and CheckMate-009/010/025).

(E and F) Associations of the Notch-score with the ssGSEA scores of 1603 Reactome pathways (E) and immune cell infiltration (F).

(G) Associations of the Notch-score with drug sensitivity in the Genomics of Drug Sensitivity database. Abbreviations: AUC = area under curve, CI = confidence

interval, CIBERSORT = Cell-type identification by estimating relative subsets of RNA transcripts, IC50 = half-maximal inhibitory concentration levels, TPM =

transcripts per kilobase million, ssGSEA = single sample gene set enrichment analysis.
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at least in part, account for the predictive effect of the Notch-score on the sensitivities to targeted agents, such as the inhibitors of VEGFR,

PI3K-AKT-mTOR, PARP, and cell cycle.

In TIME, the NOTCH ligands on myeloid-derived suppressor cells (MDSCs) interact with tumoral NOTCH receptors and thereby improve

the CSC capacity,52 which in turn increases the expression of NOTCH ligands on MDSCs,21 constituting positive feedback which eventually

results in immune tolerance.27 Treatment with blocking anti-Jagged1/2 had substantial, CD8-dependent therapeutic benefits in several

mouse cancer models, possibly underlying the mechanism of inducing the appearance of CD11c+, potentially immunostimulatory MDSC-

like cells.21 Here, we also observed that the ccRCCs with a higher Notch-score or in the Notch-activated cluster had more ‘‘resting’’/‘‘anti-in-

flammatory’’ rather than ‘‘activated’’/‘‘pro-inflammatory’’ TIICs. In addition, the negative correlations of theNotch-scorewith antigen process-

ing/presentation and B/T cell receptor downstream signaling also suggest the immune-suppressive tumor microenvironment of the ccRCCs

with a high Notch-score.

The difference in the treatment effects in the subgroups identified by the biomarker is the essential proof of its predictive utility.36 In some

previous studies, comparisons were performed within each arm (i.e., compare the survival of the high Notch-score and the low Notch-score

subgroups in the immunotherapy arm).24–26,53 These comparisons can identify biomarkers to estimate the survival of patients undergoing

immunotherapy; however, these biomarkers cannot guide the treatment choice. Despite the significant survival benefits from ICI-based im-

munotherapies over VEGFR/mTOR inhibitors in the intention-to-treat population,54–60 part of the patients may not acquire these benefits and

the high cost of immunotherapy can be saved in this subpopulation. In our study, we compared the survival data of immunotherapy arms and

VEGFR/mTOR inhibitor arms in the high Notch-score and the low Notch-score subgroups. Considerable benefits from ICI-based therapies

over VEGFR/mTOR inhibitors were observed in the low Notch-score subgroup, while scarcely no benefits were revealed in the high Notch-

score group (accounting for 35.3% of patients), identifying the Notch-score as a quantitative predictive biomarker for the benefits from ICI-

based immunotherapies over VEGF/mTOR inhibitors. These findings were further confirmed by the antithetical predictive power of DLK1,

acting as an endogenous antagonist of the Notch pathway in ccRCCs.40 These results may indicate that ICIs did not provide advantages

and might not be strongly recommended for the Notch-activated ccRCCs, by which the cost-effectiveness of antitumor treatments in

advanced ccRCCs may be potentially improved.

In patient-derived ccRCC xenografts, blocking the DLL4-NOTCH binding induces an endothelial hyper-sprouting phenotype character-

ized by excessive production of aberrant non-functional tumor vessels, and the antitumor effect of DLL4 antibodies can be potentiated by

VEGF inhibition.61 Despite the antiangiogenic impact, the DLL4 blockade would have the potential advantage of blocking other effects of

DLL4 in CSCs.42 Bispecific DLL4-VEGF mAbs, navicixizumab and ABL-001 (NOV-1501), are well tolerated and effective against solid tu-

mors.62,63 Of great interest, whether the dual blockade of DLL4 and VEGF may improve ICI efficacy in the Notch-activated ccRCCs can be

preliminarily explored in xenograft mouse models. In our study, Notch-activated ccRCCs had poor immunotherapy benefits, raising a spec-

ulation that whether Notch inhibitors could increase immunotherapy efficacy. Previously in triple-negative breast cancer xenograft models,

combination of the g-secretase inhibitor (GSI) inhibiting Notch pathway and anti-PD-1 induced a strikingly larger reduction in the tumor

growth rate compared to GSI or anti-PD-1 alone,64 suggesting that combination of Notch inhibitors and ICIs might potentially sensitize tu-

mors that are otherwise therapy resistant when treated with ICIs alone. Further studies are warranted to investigate whether Notch inhibitors

can serve as immunotherapeutic adjuvants to improve ICI efficacy in the Notch-activated ccRCCs.

In the clinical setting, the Notch-score held the promising potential to identify patients that could hardly benefit from ICI-based immuno-

therapy over VEGFR/mTOR inhibitors in advanced/metastatic ccRCCs. For thosewith a highNotch-score, sunitinibmonotherapy andavelumab

plus axitinib led to paralleled survival, indicating that ICIsmay not be appropriate for these populations, thereby reducing unnecessary wastage

of ICIs and the risks of side effects. In addition, the Notch-score may be used to recognize Notch-activated ccRCC xenografts and organoids,

guiding the investigations on whether Notch inhibitors can serve as immunotherapeutic adjuvants to improve immunotherapy efficacy.

To our knowledge, this is the first comprehensive analysis delineating the immune correlates of Notch pathway genes and evaluating their

utilities in predicting immunotherapy benefit in ccRCCs. Our findings demonstrate the potential utility of the Notch pathway in guiding treat-

ment choice (immunotherapies vs. VEGFR/mTOR inhibitors) in advanced/metastatic ccRCCs, for the optimization of ICI treatment in clinical

practice.

Limitations of the study

As for limitations, first, the Notch-score was constructed as a proxy of actual pathway activation. Despite the strong correlations

between the Notch-score and the ssGSEA scores of all NOTCH1-4 pathways in three large datasets, the specific features correlated

Figure 5. Notch-score as a predictor of the benefit from avelumab plus axitinib over sunitinib

(A) Heatmap illustrating the Notch-score and clinicopathological features of the JAVELIN Renal 101 cohort.

(B) The associations of the cutoff value with the interaction effect between the Notch-score and treatment effect (avelumab plus axitinib vs. sunitinib) and the

treatment effect in the above- and the below-cutoff groups in the training set of the JAVELIN Renal 101 cohort.

(C–E) The treatment effect (avelumab plus axitinib vs. sunitinib) in the low and the high Notch-score groups in the training set (C), the validation set (D), and the

total set (E) of the JAVELIN Renal 101 cohort.

(F and G) The associations of the cutoff value with the interaction effect between DLK1 (F) and DLK2 (G) mRNA expression and treatment effect (avelumab plus

axitinib vs. sunitinib) and the treatment effect in the above- and the below-cutoff groups in the JAVELIN Renal 101 cohort.

(H and I) Associations of the PFS on first-line sunitinib with the Notch-score (H) and DLK1/2 mRNA expression (I). All the shadow area represents the 95% CI.

Abbreviations: CI = confidence interval, HR = hazard ratio, IC = immune cell, PD-L1 = programmed cell death-ligand 1.
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with the Notch-score might be controlled by the pathways other than Notch. Second, the Notch-score constructed in the TCGA-KIRC da-

taset dominated by localized ccRCCs might not effectively reflect the features of advanced ccRCCs. However, the associations of the

Notch-score with Notch activation, other cancer-related pathways, and immune cell infiltration were parallel between the TCGA-KIRC

cohort and the other two large cohorts of advanced/metastatic ccRCCs. These results demonstrate the robustness of the Notch-score

in both early-stage and late-stage ccRCCs and also suggest its potential utility in predicting ICI benefits in both neoadjuvant and adjuvant

settings. Third, the Notch-score was constructed using the tissue-bulk mRNA data, and thereby whether the Notch activation in tumor cells

or stromal/immune cells is associated with immunotherapy benefit cannot be explored in our study. Further studies using single-cell RNA

sequencing data are warranted. Fourth, the retrospective setting of our study may introduce biases, which can be minimized by the context

of large randomized trials and the implementation of multivariable analysis and independent validation. Fifth, in our study, the ICI regi-

mens analyzed are avelumab plus axitinib and nivolumab monotherapy, which may represent anti-PD-(L)1 plus VEGFR TKI and anti-PD-

(L)1 monotherapy, respectively. More data are needed to further validate the robustness of the predictive power of the Notch-score. Un-

fortunately, due to the lack of patient-level data, it is not available to validate our results in the CheckMate-214 and the IMmotion151 trials

in this study.24,65 In the biomarker analysis of CM-214, more advantages from nivolumab plus ipilimumab over sunitinib were observed in

the patients with a high level of tumor-infiltrating neutrophil,24 which was associated with a low Notch-score in our study. The biomarker
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Figure 6. Notch-score as a predictor of the benefit from nivolumab over everolimus

(A) Heatmap illustrating the Notch-score and clinicopathological features of the CM-009/010/025 cohort.

(B) The associations of the cutoff value with the interaction effect between the Notch-score and treatment effect (nivolumab vs. everolimus) and the treatment

effect in the above- and the below-cutoff groups of the CM-009/010/025 cohort.

(C) The treatment effect (nivolumab vs. everolimus) in the low and the high Notch-score groups of the CM-009/010/025 cohort.

(D and E) The associations of the cutoff value with the interaction effect between DLK1 (D) and DLK2 (E) mRNA expression and treatment effect (nivolumab vs.

everolimus) and the treatment effect in the above- and the below-cutoff groups in the CM-009/010/025 cohort. All the shadow area represents the 95% CI.

Abbreviations: CI = confidence interval, CM = CheckMate, CR = complete response, HR = hazard ratio, NE = not evaluable, PD = progressive disease, PD-

L1 = programmed cell death-ligand 1, PR = partial response, SD = stable disease.
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analysis of the IMmotion151 trial revealed the co-occurrence of high expression of NOTCH, TGF-b, and angiogenesis modules in the clus-

ter 1 (angio/stromal) with limited benefit from atezolizumab plus bevacizumab over sunitinib,65 consistent with our results. Given these,

Notch activation might be a robust biomarker predicting poorer benefit from immunotherapies over VEGFR/mTOR inhibitors. Previous

studies have elucidated the associations of efficacious immunotherapy with the loss-of-function mutations in NOTCH receptor genes in

non-small cell lung cancers66–68 and colorectal cancers69 and with Notch activation in small-cell lung cancers.70 Future research is war-

ranted to explore whether Notch inactivation can predict a larger immunotherapy benefit in other solid tumors. Much more work would

be needed to warrant drug development targeting the Notch signaling in ccRCCs using xenograft and organoid model systems where

causality can be evaluated.
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Lead contact

Further information should be directed to and will be fulfilled by the lead contact, Nianzeng Xing (xingnz@cicams.ac.cn).

Materials availability

This study did not generate new unique reagents and cell lines. All resources reported in this paper will be shared by Nianzeng Xing (xingnz@

cicams.ac.cn) upon reasonable requests for non-commercial purposes.

Data and code availability

� The authors declare that relevant data supporting the findings of this study are available within the paper and its Supplementary files.

The analyzed data of clinical cohorts and cell lines in the present study were downloaded from public databases or published articles.

The sources of these data are described in the key resources table.

� In the present study, we did not generate novel algorithm. The code for analyzing data are disclosed in the figshare (https://doi.org/10.

6084/m9.figshare.24187416).
� Any additional information is available from the lead contact upon reasonable requests for non-commercial purposes.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Clinical cohorts

This study analyzed the clinical, genomic, and transcriptomic data of 4 clinical cohorts, including The Cancer Genome Atlas-Kidney Renal

Clear Cell Carcinoma (TCGA-KIRC, n = 522), the JAVELIN Renal 101 trial (phase III, avelumab+axitinib vs. sunitinib, n = 726),25 the

E-MTAB-3267 cohort (n = 53),41 and the CheckMate-009/010/025 trials (CM-009: phase I, nivolumab; CM-010: phase II, nivolumab;

CM-025: phase III, nivolumab vs. everolimus; n = 311).53 The basic features of these cohorts, including sample sizes, outcomes, clinical set-

tings, the platforms of RNA-seq and immunohistochemical (IHC) staining of programmed cell death-ligand 1 (PD-L1), and treatment, are dis-

played in Table S4.

The detailed methods of trial design and IHC/RNA-seq testing of the analyzed trials are described in ClinicalTrials.gov and the original

manuscripts.25,41,53,55,60 The level of transcriptomic data was measured by log2(transcripts per kilobase million [TPM]+1) in the present study.

Cell lines

This study analyzed the pharmacogenomic data of ccRCC cell lines acquired from the Genomics of Drug Sensitivity in Cancer (GDSC) data-

base. The basic features are shown in Table S4.

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Genomics of Drug Sensitivity in Cancer https://www.cancerrxgene.org/ N/A

The Cancer Genome Atlas-Kidney Renal Clear Cell Carcinoma https://www.cbioportal.org/ N/A

The JAVELIN Renal 101 trial Motzer et al., 2020b N/A

The E-MTAB-3267 cohort Beuselinck et al.41 E-MTAB-3267

The CheckMate-009/010/025 trials Braun et al.53 N/A

Software and algorithms

ConsensusClusterPlus (CCP) http://bioconductor.org/packages/ConsensusClusterPlus/ N/A

Cytoscape http://www.cytoscape.org/ N/A

ssGSEA http://software.broadinstitute.org/gsea/ N/A

CIBERSORT https://cibersort.stanford.edu/index.php N/A

R 4.1.3 https://www.rstudio.com/products/rstudio/download/ N/A
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METHOD DETAILS

Study design

In total, there are five parts in our study (Figure 1), including (i) genomic and transcriptomic features of the Notch pathway genes, (ii) prog-

nostic, biological, and immune correlates of the Notch pathway genes, (iii) construction of the Notch-score, (iv) biological and immune cor-

relates of theNotch-score, and (v) implications of theNotch-score in predicting drug sensitivity and benefit from immunotherapy over VEGFR/

mTOR inhibitors. The first three parts were implemented in the TCGA-KIRC cohort. After the construction of the Notch-score, its correlations

with biological and immune characteristics were explored in three large cohorts (TCGA-KIRC, JAVELIN, and CM-009/010/025) to prove their

robustness. In the last part, the linkage between the Notch-score and drug sensitivity was analyzed using the half-maximal inhibitory concen-

tration levels (IC50) and mRNA data of the GDSC database. The associations of the Notch-score with the benefit from immunotherapy over

VEGFR/mTOR inhibitors were explored in the JAVELIN, the E-MTAB-3267, and the CM-009/010/025 cohorts.

Since all clinical data analyzed in the present studywere acquired frompublic databases or published articles, approval by committees and

informed consents from subjects were waived. This report follows the Strengthening the Reporting of Observational Studies in Epidemiology

(STROBE) and the REporting recommendations for tumour MARKer prognostic studies (REMARK) reporting guidelines.

Definition of the Notch pathway genes

Based on the Notch pathway-related signatures in the CbioPortal platform and molecular signatures database (including HALLMARK_

NOTCH_SIGNALING, PID_NOTCH_PATHWAY, KEGG_NOTCH_SIGNALING_PATHWAY, REACTOME_SIGNALING_BY_NOTCH, and

WP_NOTCH_SIGNALING) and previous researches,15,27,28 62 genes (4 Notch receptors, 30 related to transmitting signal to the nucleus,

and 28 related to the transcriptional regulation by the NICD, Table S2) were determined as the Notch pathway genes and were analyzed

in our study.

Construction of the mRNA-lncRNA network

We analyzed the correlation between each lncRNA and the mRNA expression of each Notch pathway gene. The mRNA-lncRNA pairs with a

correlation R value over 0.80 and a P value below 0.05were selected for constructing themRNA-lncRNAnetwork, whichwere further visualized

by Cytoscape.71

Unsupervised clustering based on the mRNA data

Unsupervised clustering of the TCGA samples based on the mRNA levels of the 62 Notch pathway genes were performed using the Parti-

tioning Around Medoids (PAM) method. The optimal number of clusters was determined based on the curve of the cost change of

K-medoids.

Calculation of the Notch-score and other pathway scores

Differentially expressed Notch pathway genes were identified by comparing the mRNA levels of the 62 Notch pathway genes between the

cluster with the best prognosis and the cluster with the worst prognosis. Here, we first separately calculated the two single sample gene set

enrichment analysis (ssGSEA) scores of the ‘‘highly expressed’’ and the ‘‘lowly expressed’’ genes, and then the value of the ssGSEA score for

‘‘highly expressed’’ genesminus the score for ‘‘lowly expressed’’ genes was defined as theNotch-score.72,73 TheNotch-scores of the analyzed

samples were exhibited in the Data S2.

Based on the transcriptomic data of the JAVELIN, the CM-009/010/025, and the TCGA-KIRC cohorts, ssGSEA was introduced to estimate

the enrichment scores of 1,603 Reactome and 50 HALLMARK signatures (https://www.gsea-msigdb.org/gsea/msigdb/genesets.jsp).

Cell-type identification by estimating relative subsets of RNA transcripts (CIBERSORT)

CIBERSORT, an online method (https://cibersort.stanford.edu/index.php) for characterizing cell composition of complex tissues from their

gene expression profiles,74 was applied to the enumeration of hematopoietic subsets in mRNA mixtures from TCGA database.

CIBERSORT outperformed other methods with respect to noise, unknown mixture content, and closely related cell types.74

QUANTIFICATION AND STATISTICAL ANALYSIS

To assess the between-group difference, we used (i) the Fisher exact test for categorical variables, (ii) the Mann-Whitney and the Kruskal-

Wallis test for continuous variables, and (iii) the Kaplan-Meier (KM) curves, the Log-rank test, and the Cox proportional-hazards regression

model (hazard ratio [HR] and 95% confidence interval [CI]) for time-to-event variables. The variables with a p-value below 0.10 in the univari-

able cox regression were included in the following multivariable cox regression. Spearman correlation was used to test the correlations be-

tween continuous variables. The association between the Notch-score and the mRNA clusters was estimated by the area under the curve

(AUC) of receiver operator characteristic (ROC) curve.

All statistical analysesmentioned abovewere performedusing IBMSPSS Statistics 22 or R 4.1.3. The nominal level of significancewas set as

5%, and all 95% CIs were 2-sided unless otherwise specified. Adjusted P value (Q value) was calculated using the Benjamini-Hochberg

method. All the statistical details can be found in figures and/or figure legends.
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