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Molecular mechanisms and clinical relevance of endothelial cell cross-talk in clear 
cell renal cell carcinoma
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ABSTRACT
Background: Clear cell renal cell carcinoma (ccRCC) is the most common renal cancer in adults and stands 
out as one of the most vascularized and immune-infiltrated solid tumors. Overproduction of vascular en-
dothelial growth factor A promotes uncontrolled growth of abnormal vessels and immunosuppression, 
and the tumor microenvironment (TME) has a prominent role in disease progression, drug targeting and 
drug response, and for patient outcome.
Methods: Studies of experimental models, large-scale omics approaches, and patient prognosis and ther-
apy prediction, using gene expression signatures and tissue biomarker analysis, have been reviewed for 
enhanced understanding of the endothelium in ccRCC and the interplay with the surrounding TME.
Results: Preclinical and clinical studies have discovered molecular mechanisms of endothelial cross-talk of 
relevance for disease progression, patient prognosis, and therapy prediction. There is, however, a lack of 
representative ccRCC experimental models. Omics approaches have identified clinically relevant subsets  
of angiogenic and immune-infiltrated tumors with distinct molecular signatures and distinct endothelial 
cell and immune cell populations in patients.
Conclusions: Recent genetically engineered ccRCC mouse models together with emerging evidence from 
single cell RNA sequencing data open up for future validation studies, including multiplex imaging of 
ccRCC patient cohorts. These studies are of importance for therapy benefit and personalized treatment of 
ccRCC patients.
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Introduction

Renal cell carcinoma (RCC) is the most prevalent kidney cancer. 
One-third of patients manifests metastasis at diagnosis, and a 
similar fraction relapse after intended curative surgery (1). 
Among the three major histological subtypes, clear cell renal 
cell carcinoma (ccRCC), papillary RCC, and chromophobe RCC, 
ccRCC is the most common, with 80% of diagnosed patients. It is 
a peculiar tumor with high metabolic rate, augmented 
vascularization and immune infiltration, and unlike most 
cancers, patients do not respond to conventional chemo- and 
radiotherapy (1–4). The tumor microenvironment (TME) has 
been shown to play a crucial role in disease progression, patient 
survival, and therapeutic efficiency (5), and the immune 
microenvironment has surprisingly been linked to poor patient 
prognosis (6). The pathogenesis of ccRCC is characterized by an 
early genetic loss of von Hippel-Lindau (VHL), resulting in 
accumulation of HIF1α and HIF2α and elevated expression of 
target genes, including vascular endothelial growth factor A 
(VEGFA) (7, 8). Increased VEGFA production promotes a hyper-
angiogenic state, with tortuous and hyperpermeable vessels, 
affecting immune cell infiltration, metastatic spread, and drug 
delivery (7, 9).

In the last decade, antiangiogenic therapy against VEGF/
VEGFR-signaling, including tyrosine kinase inhibitors (TKIs), 
together with immune checkpoint blockade (ICB) have improved 
the survival of patients with advanced RCC, and combination 
therapies are now considered the backbone for systemic therapy 
(10–12). This has led to a paradigm shift for the treatment of 
metastatic disease. Still, not all patients benefit and some even 
progress. To individualize treatment regimen, it is critical to 
identify why certain patients respond. This review will give an 
overview of the tumor vasculature in ccRCC, and its relevance for 
disease progression, treatment response, and patient outcome. 
Examples of the interplay between the endothelial cells (ECs) 
and the surrounding tumor cells and immune cells will be given 
from preclinical studies and tissue biomarker studies. In addition, 
RCC EC-phenotypes and their clinical relevance, gained from 
recent omics-analysis, will be summarized.

Molecular insight of EC-interactions from preclinical 
models

The vasculature is distinct between renal compartments and 
includes glomerular and cortical peritubular capillaries, and 
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vasa recta bundles (13). Glomerular capillaries ensure serum 
filtration in Bowman’s capsule and further extend into 
peritubular capillaries in the renal cortex. The descending vasa 
recta (DVR) ensure blood flow from the cortex to the renal 
medulla, and the fenestrated ascending vasa recta (AVR) 
originate from capillaries in the medulla and transport blood 
back to the cortex, simultaneously ensuring reabsorption (14). 
The development and maintenance of the normal kidney 
vasculature is dependent on VEGFA/VEGFR2-signaling (13). 
However, sustained exposure in ccRCC generates dysfunctional 
vessels with loss of barrier integrity, which alters immune cell 
trafficking, promotes metastasis, and prevents drug delivery 
(7). There is a mutual relationship between tumor vascular 
permeability and immune cell suppression in cancer (9, 15), 
and hypoxia hampers antitumor immunity by the expansion of 
regulatory T-cell (Tregs), myeloid-derived suppressor cells 
(MDSCs), and tumor-associated macrophages (TAMs) (15, 16). 
Moreover, chronic antigen exposure will result in an exhausted 
state of intratumoral T-cells (17, 18). In addition to the 
immunosuppressive effects of hypoxia, VEGF-signaling can also 
suppress immune functions (19–21) of importance for cancer 
patient survival (22). Until recently, the lack of representative 
immune competent preclinical tumor models has brought 
challenges for the exploration of the cellular and molecular 
cross-talk in ccRCC (23). Patient-derived xenografts have given 
important insight of the interplay in the TME (24). Notably, 
genetically engineered mouse models are now providing new 
opportunities, although not fully able to mimic human disease 
(25–27).

Cellular interplay affecting tumor progression, immune 
suppression, and vascular normalization

In our recent publication, we identified a PLCγ/eNOS/Src-
pathway downstream of the tyrosine phosphorylation site 
pY1173/Y1175 (mouse/human) in VEGFR2, of clinical relevance 
in ccRCC (28). Mechanistically, phospholipase Cγ (PLCγ)-induced 
protein kinase C (PKC) and Ca2+ activated endothelial nitric oxide 
synthase (eNOS), followed by enhanced nitration and activation 
of Src and augmented vascular permeability by VE-cadherin 
turn-over (28). Pathway inhibition in subcutaneous tumors 
using mice with an inactivating Y1173F mutation (Vegfr2Y1173F/+) 
led to vascular normalization, and as a result, tumors responded 
better to chemo- and immunotherapy. Furthermore, the 
presence of immunosuppressive cytokines, Tregs, and B-cells 
was reduced in vivo and correlated to PLCγ expression in ccRCC 
patients. These data demonstrate a paracrine cross-talk involving 
VEGFA secretion by tumor cells, which activate PLCγ signaling in 
the endothelium to reduce antitumor immunity (28).

Evidence from a mouse model with Vhlh (mouse VHL allele)-
deficient renal tubular cells (Hoxb7-Cre-GFP;Vhlhfl/fl) delineated a 
paracrine signaling pathway of Oncostatin M (OSM), produced 
by VHL-deficient cancer cells interacting with its receptor 
(OSMR) expressed on ECs. Activation altered the endothelial 
gene expression profile, with upregulation of inflammatory 
cytokines (Il-6), chemokines (Ccl2, Ccl7), and adhesion markers 

(Sele, Selp, Vcam1, and Icam1). This was followed by TAM 
polarization (i.e. polarization to a tumor promoting phenotype) 
and diminished barrier function due to ECs undergoing 
endothelial-to-mesenchymal transition (EndMT), followed by 
increased vascular permeability, tumor cell extravasation, and 
metastasis formation. Double knock down of Vhlh and Osmr or 
treatment with an OSM inhibitory antibody in vivo rescued the 
pro-tumoral phenotype (29). Of note, the most upregulated 
gene in ECs was Arginase 1 known to modulate eNOS activity, 
and in line with our recent results (28), this highlights the 
importance of eNOS in the regulation of the vascular barrier in 
RCC. Tumor immune suppression in RCC was further explored in 
a study where cross-talk between cells was investigated by 
spatial localization. Analysis of 12 human RCC patients revealed 
an EMT profile of cancer cells at the normal-tumor border that 
co-localized with a subset of tissue resident IL1B-expressing 
macrophages (30). IL1B-expressing macrophages were 
previously shown to promote an immunosuppressive micro-
milieu and tumor growth in the syngeneic RENCA mouse model, 
when the murine RENCA RCC cells were injected subcutaneously 
in Balb/c mice. Combination therapy against IL1β and anti-PD-1 
or the TKI cabozantinib promoted tumor regression as compared 
to monotherapy and specifically decreased the presence of 
immunosuppressive macrophages and MDSCs (31).

Other angiogenic factors, in addition to VEGF, were also 
shown to play a role in RCC vascular remodeling and progression 
in vivo, demonstrated by EC-specific removal of the GPCR-
coupled kinase PI3Kβ in Pik3cbfl/fl;Tie2-CreERT2 mice (32). Mice 
with EC-specific PI3Kβ knock down that were implanted with 
Lewis lung carcinoma (LLC1) or B16F10 melanoma tumors 
displayed reduced tumor growth and lung metastasis, and 
enhanced vascular normalization and better response to the 
antiangiogenic TKI sunitinib (32).

Direct interactions of ECs and cancer cells by complex 
formation between VEGFR2 and the co-receptor Neuropillin 1 
(NRP1) were demonstrated to reduce tumor formation in 
experimental models and were of clinical relevance for ccRCC 
and pancreatic adenocarcinoma (PDAC) (33–35). The expression 
of NRP1 on perivascular cancer cells led to VEGFR2 binding in a 
trans configuration, delayed EC-signaling including PLCγ and 
ERK, and repressed tumor initiation, angiogenesis, vessel 
branching, and tumor cell proliferation in vivo (33, 34). In a 
publication by Cao et al., the closely related NRP2 expressed by 
RCC tumor cells was shown to interact with α5 integrin expressed 
on ECs to promote vascular adhesion, extravasation, and 
metastasis in experimental tumors in vivo. NRP2 expression was 
also enhanced in metastatic ccRCC patients and correlated to 
advanced tumor stage and worse outcome (36).

In addition to affect immune cell infiltration and activation, 
antiangiogenic VEGF-targeting has also been shown to 
differentially affect primary- and metastatic RCC tumors in 
vivo. Tumor vascularization occurs not only via angiogenesis 
(37) but also via hijacking of preexisting vessels by co-option 
(38, 39). Insights from the immunocompetent RENCA model 
showed that primary implanted tumors were sensitive to 
sunitinib treatment. However, the formation of lung metastasis 
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was dependent on vessel co-option, and consequently, a 
reduced sunitinib sensitivity was recorded (40). Single cell RNA 
sequencing (scRNA-seq) demonstrated that ECs in co-opted 
vessels were transcriptionally similar to quiescent healthy ECs, 
which may complicate vascular targeting. It is possible that co-
option also could explain why certain metastatic ccRCC 
patients do not respond to antiangiogenic therapy (40).

Characterization of the immune microenvironment in 
ccRCC

Single cell analysis has recently shed light on proximal tubular 
cells as the cell of origin for ccRCC (41–43). In addition to 
the  well characterized malignant cells, the immune 
compartment  has been comprehensively characterized, and 
immunosuppressive and exhausted cells were enriched in 
patients with advanced disease and in ICB responders (18, 30, 
44–46). Bi et al. showed that immune checkpoint inhibition 
remodeled the TME and augmented an exhausted T-cell 
population, and unexpectedly, both a pro-inflammatory and 
immunosuppressive phenotype of TAMs, suggesting immune 
system adaptation, which might result in treatment resistance 
(45). ScRNA-seq has further been utilized to generate cell 
population-signatures of predictive value across cohorts. 
Krishna et al. performed scRNA-seq of two untreated and four 
ICB treated patients and revealed the presence of tissue 
resident CD8+ T-cells that expanded upon treatment and 
predicted the therapeutic benefit (46). Analysis of the resident 
CD8+ T-cell-signature in bulk RNA-seq data from the JAVELIN 
101 cohort (10) revealed enhanced progression-free survival 
(PFS) in patients treated with avelumab (anti-PDL1) + axitinib 
(anti-VEGF), suggesting that patients with a high number of 
these resident T-cells will respond better to ICB (46). In 
concordance with the T-cells identified in Bi et al., these cells 
also expressed the inhibitory immune checkpoint proteins 
PD-1 and LAG3 and effector molecules IFNγ and PRF1 (45, 46). 
These studies support the presence of a dysfunctional immune 
system in ccRCC, which negatively impacts on patient survival 
but does predict which patients will benefit from immune 
checkpoint inhibition.

In addition to VEGF secretion by ccRCC cells, which activates 
the receptors expressed on tumor ECs, Young and colleagues 
identified macrophages as an additional source of VEGF 
production (41). The relevance of macrophages was reported by 
Zhang et al., who defined two macrophage clusters with 
opposing effects on patient outcome in the ccRCC publicly 
available TCGA data set (KIRC) (42). Several publications have 
identified a subpopulation of TAMs in ccRCC patients expressing 
TREM2 (30, 43, 44, 47), associated with poor patient prognosis 
(43) and elevated expression of immune checkpoint ligands as 
well as VEGFA, suggesting important functions for immune 
suppression and targeting (47). Notably, anti-PD-1 therapy has 
shown better efficacy in Trem2-/- mice or in combination with 
anti-TREM2 blockade (48).

Cancer cell-induced T-cell exhaustion is a mechanism for 
immune evasion of tumors (17). The identification of clonally 

expanded T-cells both within solid tumors and patient-matched 
peripheral blood in multiple cancers suggested that exhausted 
T-cells get replaced to overcome immune evasion, in particularly 
in patients who respond to ICB (49). The spatial heterogeneity of 
ccRCC tumor cells and the TME were addressed by Li et al., and 
multi-region-based genomic- and scRNA-seq were performed 
in 12 patients (30). Analysis of paired blood samples showed 
that exhausted tissue resident CD8+ T-cells appeared unable to 
recirculate in the blood stream and remained trapped within 
tumors (30) in accordance with a previous report on advanced 
ccRCC (50).

B-cells in ccRCC have been sparsely studied, which might be 
reflected by low infiltration (44). However, a minority group of 
patients with high intratumoral B-cells was shown to 
display  poor prognosis (51). If these B-cells exhibit an 
immunosuppressive or dysfunctional phenotype has not yet 
been outlined. In addition, a multi-omics approach has also 
revealed the importance of B-cells for ICB response in RCC. 
B-cells were more present in responders as compared to non-
responders, and notably, responders had higher frequencies of 
memory B-cells and non-responders of naïve B-cells (52).

Characterization of the human ccRCC TME has 
identified clinically relevant tumor subsets with 
distinct molecular signatures

Two molecular subtypes of ccRCC were previously identified by 
a 34-gene expression signature: one characterized by elevated 
angiogenesis and metabolism, and improved patient outcome, 
and the other one by worse survival and immunosuppression, 
and wound healing (53, 54). Additional reports have confirmed 
molecular subtypes with a more aggressive disease course 
characterized by high immune cell-infiltration and dysfunctional 
immune cells, as compared to highly vascularized tumors (4, 
55–57). Four subtypes of ccRCC (ccrcc1-4) with distinct treatment 
responses to sunitinib have also been reported. The 
ccrcc4  subtype was characterized by the expression of 
immunosuppressive Treg markers Foxp3, IL-10, and TGFβ and 
the checkpoint receptors PD-1 and LAG-3, as well as enriched 
B-cell and T-cell transcripts. Out of 98 patients analyzed, the 
ccrcc4 subgroup displayed the highest fraction (27%) of non-
responders and shortest recurrence rate and PFS (56). Clark and 
colleagues (58) performed multi-omics characterization of 103 
ccRCC patients and paired normal adjacent tissue. Four subtypes 
were identified: CD8+ inflamed (1), CD8- inflamed (2), VEGF 
immune desert (3), and metabolic immune desert (4) with 
distinct TME signatures. The CD8+ inflamed subtype had 
elevated levels of CTLA4, PD-1, PD-L1, and PD-L2 and INFγ 
signaling. The CD8- inflamed subtype expressed innate immune 
genes and enrichment of fibroblasts and ECs. Similarly, 
angiogenesis was also enriched in the VEGF immune desert-
subtype (i.e. tumors devoid of immune cells) with enhanced 
Wnt/β-catenin, RAP1, and Notch-signaling, suggesting distinct 
tumor vascular beds between these two subtypes. The metabolic 
immune desert tumors were characterized by low infiltration 
of  immune cells and enhanced metabolic pathways, 
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mTOR-signaling, and a MYC target gene signature. A survival 
benefit was demonstrated for the VEGF immune desert subtype, 
while CD8+ inflamed patients had a poor prognosis, in line with 
previous studies (4, 55–57). Findings also suggested that the 
VEGF immune desert- and CD8+-inflamed subtypes would be 
responsive to antiangiogenic therapy and ICB, respectively (58). 
In concordance, Motzer et al. identified seven molecular subsets 
of advanced RCC by unsupervised transcriptomics of 823 
patients (59). Clusters 1 (angiogenic/stromal) and 2 (angiogenic) 
showed high angiogenesis, and cluster 4 (T-effector/
proliferative) high T-cell activity. Treatment with atezolizumab + 
bevacizumab versus sunitinib demonstrated an ICB-benefit in 
cluster 4-patients, showing immune-enrichment and poor-
angiogenesis. Patients in the high-angiogenesis clusters 1 and 2 
had longer PFS in both treatment arms, most likely due to the 
presence of antiangiogenic therapy (59). In line with previous 
findings, this confirms the prominence of adaptive immunity for 
the benefit of immune checkpoint inhibition and high 
vascularization for responsiveness to VEGF/VEGFR2 blockade in 
advanced RCC.

Clinical relevance of ccRCC endothelial subsets 
identified by scRNA-seq

As compared to the immune microenvironment, less 
attention has been directed toward the ECs in human ccRCC. 
However, tumor-enriched EC-populations have been 
described in recent studies, especially a subpopulation of ECs 
expressing the chemokine receptor gene ACKR1 (ACKR1+), 
linked to shorter disease-free survival (DFS) and overall 
survival (OS) (30, 41–43, 47). Interestingly, the ACKR1+ ECs 
appear distinct from ECs expressing VEGFR2 (41–43), 
implicating the presence of EC-populations with different 
treatment responses and clinical significance. Additionally, Li 
et al. examined the spatial localization and found ACKR1+ ECs 
enriched in the tumor core as compared to the tumor-normal 
interface of ccRCC (30).

ScRNA-seq of tumor tissue and adjacent normal tissue from 9 
ccRCC treatment-naïve patient identified high transcriptional 
remodeling and immunosuppression in the TME, as compared 
to normal tissue (43). Five EC clusters were identified (Endo-1 to 
-5), and two were enriched in the tumor compartment (Endo-1 
and -2) as compared to normal kidney. Endo-1 was the 
predominant cell cluster, expressed a signature of PVLAP, CA2, 
PARC, INSR, and IGFBP7, and enhanced VEGFR2 (KDR) expression. 
The Endo-2 cluster expressed the vascular genes ACKR1, VCAM1, 
and VWF and specifically venous EC genes (GPM6A, CYP1B1, and 
MMRN1). Hu et al. identified six clusters of ECs, of which two 
were enriched in ccRCC as compared to benign kidney. These 
two clusters expressed KCNE3 (KCNE3+ cluster 1) and ACKR1 
(ACKR1+ cluster 6), and the latter was associated with decreased 
patient survival in the TCGA KIRC cohort (47), demonstrating 
clinical impact of a specific EC-subpopulation in ccRCC. 
Furthermore, 14 genes were enriched in the tumor endothelium 
irrespectively of subclusters, including VWF, ENPP2, IGFBP3, and 
CAV1, and authors also validated the presence of VWF+ENPP2+ 

expressing ECs in ccRCC by immunostaining (47). Two major 
EC-populations were identified in ccRCC tissue by Zhang and 
colleagues, as compared to five clusters in benign renal tissue 
(42). The major EC cluster, ccRCC-AVR-1 originated from AVR, 
was positive for PLVAP and had upregulated endothelin receptor 
type B (EDNRB), von Willebrand factor (VWF), and heparan sulfate 
proteoglycan 2 (HSPG2). This cluster exhibited elevated 
expression of VEGFR-genes as compared to the minor ccRCC-
AVR-2 cluster that instead expressed ACKR1 and SELP, suggesting 
that patients with high number of AVR-2 vessels might not 
benefit from antiangiogenic treatment (42). To understand the 
interplay of TME cell types of importance for ccRCC progression, 
authors mapped receptor–ligand interactions and identified 
OSM/OSMR signaling between ccRCC cells and macrophages 
(42), in agreement with preclinical evidence (29). In addition, 
endothelin ligand 1 (EDN1) expressed on malignant cells 
interacted with the EDNRB receptor, previously identified as an 
independent prognostic marker in ccRCC (60), and expressed in 
the tumor endothelium. An additional scRNA-seq study 
exploring the spatial transcriptome of ccRCC identified two 
major EC-subsets, IGFBP3+ ECs and collagen ECs enriched in 
tumor tissue, as compared to adjacent normal tissue. The 
IGFBP3+ ECs, which have been described in additional studies 
(43, 47), were mainly present in the tumor core, while the 
collagen ECs were more prominent in the tumor-normal 
interface (30).

Tissue biomarker assessment of prognosis and 
therapy prediction in RCC

The vasculature as a prognostic or predictive marker 
in RCC

The clinical relevance of RCC vascularization has been disputed. 
Two distinct types of blood vessels with contrasting clinical 
impact were described in 2007 by Yao et al. Undifferentiated 
CD31+/CD34- and differentiated CD34+ vessels correlated to 
decreased and improved ccRCC survival, respectively (61), 
indicating ECs heterogeneity and suggesting relevant 
selection of vessel markers for the evaluation of disease course 
and therapy prediction. Recent studies have correlated 
microvessel density (MVD) to a favorable prognosis but were 
unable to show predictive benefit (62, 63). MVD of 822 high-
risk RCC patients, initially enrolled in the ECOG-ACRIN 2805 
phase III trial comparing adjuvant sunitinib, sorafenib, or 
placebo (64), was analyzed by CD34 immunostaining. In the 
entire cohort, MVD was revealed as an independent positive 
prognostic factor for OS (63). However, the survival benefit was 
reduced in patients receiving adjuvant sunitinib or sorafenib, 
as compared to placebo, proposing MVD as a purely prognostic 
biomarker and not predictive for therapeutic benefit (63). In a 
study by Denize et al., vessel density was explored in metastatic 
RCC patients treated with the TKI cabozantinib versus the 
mTOR inhibitor everolimus. High CD31+ MVD was positively 
correlated to PFS both in uni-variable and multivariable 
analysis but did not predict benefit of cabozantinib (62). In 
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disagreement with these studies, Motzer et al. showed that 
two angiogenic signatures (12, 65) enhanced PFS in 886 
advanced RCC patients treated with the multi-target TKI 
sunitinib versus axitinib (against VEGFRs) + avelumab (anti-
PD-L1). This suggests a predictive value of tumor vascularization 
for sunitinib therapy. On the contrary, immune signatures were 
only predictive for the combination therapy (65). This is in line 
with previous findings in advanced ccRCC patients treated 
with atezolizumab + bevacizumab versus sunitinib, where a 
T-cell signature was associated with enhanced PFS in the 
combination arm, suggesting that atezolizumab + 
bevacizumab is beneficial for patients who already exhibit 
antitumor immunity (12).

Endothelial tissue biomarkers for RCC prognosis or 
therapy prediction

The involvement of the tumor endothelium in RCC progression 
and patient survival has been investigated in a number of 
studies ranging from the multi-omics-approaches, as described 
above, to single biomarker-studies. EC-cross-talk, identified by 
tissue analysis with an impact on prognosis and/or treatment 
prediction, will be discussed here.

Prognostic tumor endothelial biomarkers

A 16-gene signature was previously shown to predict shorter 
disease-specific survival (DSS), DFS, and OS in ccRCC (55). Of 
note, four genes were vascular markers, NOS3, APOLD1, EDRNB, 
and PPAP2B, and even though the signature predicted high risk 
of recurrence, the vascular genes were associated with low 
recurrence risk, supporting previous findings that the tumor 
vasculature in ccRCC correlates to improved patient outcome 
(55). On the contrary, EC-signaling in RCC correlating to worse 
patient outcome has also been identified (28, 66). A clinically 
relevant paracrine cross-talk between ccRCC tumor cells and ECs 
involving a VEGFR2 pY1175/PLCγ signaling pathway was 
recently shown to contribute to abnormal vessel functions in 
vivo and impact on disease course (28). PLCγ was predominantly 
enriched in the tumor endothelium and was further shown to 
be an independent biomarker for DSS in ccRCC (28). Paracrine 
cross-talk between tumor cells in ECs was also shown by Wragg 
et al., who reported elevated levels of melanoma cell adhesion 
molecule (MCAM) expression induced by VEGFA in ccRCC 
endothelium, as compared to normal kidney. In two RCC 
cohorts, endothelial MCAM expression correlated to advanced 
disease stage and poor prognosis (66). Direct cell-to-cell 
interactions in the TME have also shown to be of clinical 
importance (34–36). The formation of NRP1/VEGFR2 trans 
complexes identified by proximity ligation assay, or the presence 
of perivascular NRP1, was identified to correlate to a beneficial 
RCC prognosis in three independent cohorts (35), in line with 
previously shown for pancreatic cancer (34). Perivascular NRP1 
showed a survival advantage both in a 314-treatment naïve 
patient cohort and in a 64-patient cohort treated with sunitinib 
after surgical resection, which suggests NRP1/VEGFR2 signaling 

to be purely prognostic and not predictive for sunitinib 
treatment.

Predictive tumor endothelial biomarkers

Epidermal growth factor latrophilin and seven transmembrane 
domain-containing protein 1 (ELTD1), initially identified as a good 
prognostic biomarker in ccRCC (67), was further shown to predict 
sunitinib response (68). In a tumor tissue microarray (TMA) consisting 
of 99 sunitinib-treated patients with advanced RCC, ELTD1 
expression was confined to the endothelium and associated with 
enhanced PFS. No survival benefit could be shown for sorafenib, 
and thus, ELTD1 was concluded to be a response-predictive marker 
solely for sunitinib treatment (68). In an additional report, the ligand 
for the receptor tyrosine kinase Tie2, Angiopoietin-2 (Ang-2), 
predicted sunitinib response in metastatic RCC patients. Results 
showed a selective and variable Ang-2 expression in the tumor 
endothelium, correlating to enhanced vascular density and initial 
clinical benefit to sunitinib but no effect on patient outcome (69). In 
addition, analysis of a small cohort of 15 advanced RCC patients 
treated with Nivolumab identified the immune-inhibitory 
Indoleamine 2,3-dioxygenase 1 (IDO-1) as a predictive EC-biomarker. 
IDO-1 was predominantly expressed in the tumor vasculature, more 
frequently in Nivolumab responders as compared to non-
responders, and correlated to improved PFS during immunotherapy 
treatment and inversely correlated to CD4/CD8 ratio (70).

Conclusions

Multi-omics of human patients together with data from 
experimental mouse models highlight the molecular interplay 
between tumor cells and the TME in kidney cancer. Findings 
have revealed distinct ccRCC EC-populations with expression of 
unique markers and important mechanistic characteristics, of 
which examples are provided in Figure 1. We are in the beginning 
of an era of in-depth large-scale characterization of the ccRCC 
endothelial landscape and additional stromal cells. A limitation 
of published scRNA-seq reports is the number of patients 
analyzed and validation of identified subclusters. More extensive 
studies are encouraged to overcome inter-patient heterogeneity, 
together with validation of protein expression and clinical 
relevance in larger well-annotated tumor collections. 
Furthermore, the inclusion of patients from the same histological 
RCC subtype and treatment regimen is of importance. Current 
studies have often not distinguished between the type of ICB 
treatment or if patients also received TKI-treatment, which may 
have influenced the conclusions. The development of improved 
immune competent genetically engineered mouse models for 
mechanistic insight, and multiplex imaging to understand the 
cellular and molecular interplay on a spatial level is also needed 
to delineate the functional relationship between the tumor 
endothelium and immune compartment in ccRCC. An enhanced 
understanding of the ccRCC TME further generates possibilities 
for the identification of drug targets and predictive biomarkers, 
to better personalize treatment of patients.
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