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Abstract

Purpose: Intratumoral heterogeneity (ITH) challenges the molecular characterization of clear 

cell renal cell carcinoma (ccRCC) and is a confounding factor for therapy selection. Most 

approaches to evaluate ITH are limited by two-dimensional ex vivo tissue analyses. Dynamic 

Contrast Enhanced Magnetic Resonance Imaging (DCE-MRI) can noninvasively assess the spatial 

landscape of entire tumors in their natural milieu. To assess the potential of DCE-MRI, we 

developed a vertically-integrated radiogenomics co-localization approach for multi-region tissue 

acquisition and analyses. We investigated the potential of spatial imaging features to predict 

molecular subtypes using histopathologic and transcriptome correlatives.

Experimental Design: We report the results of a prospective study of 49 patients with ccRCC 

who underwent DCE-MRI prior to nephrectomy. Surgical specimens were sectioned to match the 

MRI acquisition plane. RNA sequencing data from multi-region tumor sampling (80 samples) 

were correlated with percent enhancement on DCE-MRI in spatially co-localized regions of the 

tumor. Independently, we evaluated clinical applicability of our findings in 19 metastatic RCC 

patients (39 metastases) treated with first-line anti-angiogenic drugs or checkpoint inhibitors.

Results: DCE-MRI identified tumor features associated with angiogenesis and inflammation, 

which differed within and across tumors, and likely contribute to the efficacy of anti­

angiogenic and immuno-therapies. Our vertically-integrated analyses show that angiogenesis and 

inflammation frequently co-exist and spatially anti-correlate in the same tumor. Furthermore, MRI 

contrast enhancement identifies phenotypes with better response to anti-angiogenic therapy among 

metastatic RCC patients.

Conclusion: These findings have important implications for decision models based on biopsy 

samples and highlight the potential of more comprehensive imaging-based approaches.

Keywords

Dynamic contrast enhanced MRI; Radiogenomics; Renal cell carcinoma; tumor heterogeneity; 
angiogenesis; inflammation

Introduction

Clear cell renal cell carcinoma (ccRCC), the most common subtype of kidney cancer (1–3), 

is considered both an angiogenic (4) and immunogenic tumor (5). Inactivation of the von 

Hippel-Lindau (VHL) gene in the majority of tumors (6) leads to upregulation of hypoxia 

inducible factors (HIFs), vascular endothelial growth factor (VEGF), and angiogenesis (7,8). 

This pathway paved the way for the development of molecularly targeted antiangiogenic 

therapies (AA; e.g. tyrosine kinase inhibitors [TKIs] targeting VEGF receptor 2 and 

neutralizing VEGF antibodies). More recently, immuno-oncology (IO) drugs (e.g., check­

point inhibitors) have shown superior response rates and overall survival in metastatic 

ccRCC compared to TKIs (9–11). Yet, a percentage of patients, in particular those with low 

risk disease, may experience superior oncologic outcomes with TKI treatment compared to 

IO (11). Indeed, we recently showed that ccRCC that metastasize to the pancreas, responds 

better to TKIs than IO (12). Intriguingly, these tumors are characterized by intense arterial 

enhancement on contrast-enhanced imaging (12). These data suggest that imaging may be 
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able to discriminate different subtypes of ccRCC. However, the role of imaging to predict 

response to therapy in metastatic ccRCC has been previously reported with conflicting and 

variable success (13–16). Nevertheless, these reports preceded the development of predictive 

molecular biomarkers of response in ccRCC. Here, we exploit a novel, vertically-integrated 

radiogenomics co-localization approach for multi-region tissue acquisition and analyses to 

assess the potential of spatial imaging features to predict molecular subtypes correlating 

with treatment response.

Growing evidence in ccRCC, indicates that angiogenesis and inflammation may be 

prognostic biomarkers (17,18). However, the lack of predictive biomarkers of response 

is arguably the most crucial knowledge gap in the management of ccRCC patients. 

Furthermore, a key confounding factor in developing tissue-based predictive biomarkers 

of therapy response is the intrinsic intra-tumoral heterogeneity (ITH) of ccRCC (19). 

Classification of ccRCC into two distinct subgroups, angiogenic and immunogenic, is 

likely an oversimplification (20,21). Angiogenic and immunogenic pathway activation likely 

coexist in many tumors and combination therapy with pembrolizumab (IO) and axitinib 

(AA) in patients with advanced kidney cancer demonstrated an impressive 59% objective 

response rate across all risk groups (22).

Dynamic contrast-enhanced (DCE) magnetic resonance imaging (MRI) can provide an 

evaluation of the entire tumor in vivo enabling non-invasive assessments of vascular tumor 

characteristics in the natural milieu (23). DCE MRI exploits the paramagnetic effect of 

extracellular gadolinium chelates, which shorten the T1 relaxation times of blood and 

tissues thereby increasing signal intensity on T1-weighted images (24). DCE MRI data 

can be analyzed using both quantitative and model-based (e.g., Tofts) approaches to extract 

anatomical variations of tumor vascular density and permeability (23,25).

We hypothesized that variations in MRI contrast enhancement in different regions within a 

given tumor could predict differences in molecular and histopathological features inherent 

to those regions. To test this hypothesis, we applied a radiomic strategy. We used first order 

statistics of the distribution of signal intensities within each tumor after administration 

of intravenous contrast as a surrogate of molecular ITH. Further, we implemented a 

radiogenomics platform using DCE MRI-based targeted tissue procurement combined with 

a comprehensive genomic and pathologic assessment to non-invasively decipher ITH in 

ccRCC. We demonstrate the ability of DCE MRI to predict activation of both angiogenic 

and inflammatory pathways in the same tumor, which may underlie therapeutic effectiveness 

of AA and IO combinations.

Patients and Methods

Patient selection criteria

This Health Insurance Portability and Accountability Act–compliant prospective study was 

approved by the Institutional Review Board (IRB # STU 052011–080) and carried out in 

accordance with the principles expressed in the Declaration of Helsinki. Written informed 

consent was obtained from all subjects prior to enrollment which included consent for 

molecular analysis of tissue samples, pathology, and DCE MRI, and their records were de­
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identified prior to the analysis. Inclusion criteria were: 1) ≥ 18 years of age, 2) known renal 

mass ≥ 2.5 cm scheduled for partial or radical nephrectomy, and 3) confirmed diagnosis of 

ccRCC at histopathology after surgery. Exclusion criteria included: 1) inability to undergo 

MRI, 2) renal insufficiency (estimated glomerular filtration rate < 30 mL/min/1.73 m2), 3) 

pregnancy, 4) limited image quality, 5) predominantly cystic (i.e., <25% enhancing) renal 

mass. 79 patients were prospectively enrolled and underwent MRI between August 2012 and 

March 2016. ccRCC was confirmed histologically after surgery in 58/79 patients. Tumor 

cellularity was adequate in 51/58 tumors. Tumor samples passed the quality control for RNA 

analyses in 49/58 patients (34 males) and constitute our study cohort. Pre-operative MRI 

included T1- and T2-weighted sequences, arterial spin labeled (ASL), diffusion weighed 

imaging (DWI), and dynamic contrast-enhanced (DCE) MRI. Mean age was 58 ± 9.8 (range 

32–82). Mean time between MRI and surgery was 5 ± 4 days (range 1–19 days). This work 

presents analysis of DCE MRI data. MRI protocol is described in Supplementary Methods.

MR Image analysis

MR images were analyzed on the open-source Digital Imaging and Communications in 

Medicine (DICOM) viewer (OsiriX, version 5.6, 64 bit, Bernex, Switzerland). All tumors 

were manually segmented, and regions of interest (ROIs) were drawn by an MRI-fellowship 

trained radiologist (I.P.), in the center slice, along the boundary of the entire tumor and 

in areas subjectively exhibiting high and low enhancement levels. Non-enhancing areas 

were avoided. In homogeneous tumors, a single ROI was drawn. From the DCE MRI 

datasets, percentage tumor enhancement in ROIs was extracted at four phases (26): 1) 

before administration of gadolinium-based contrast agent (GBCA) (PRE); 2) during the first 

pass, where much of the contrast material resides within the renal capillary network in the 

cortex, approximately 30 seconds after initiation of its I.V. administration (corticomedullary, 

CM), 3) early nephrographic enhancement, where the contrast material filters through 

renal tubules, approximately 15 seconds after CM (eNG), and 4) frank nephrographic 

enhancement, where the contrast material reaches equilibrium in the renal parenchyma, 

approximately 55 seconds after CM (NG). Percentage (%) enhancement was defined as 100 

× (SIpost – SIpre)/SIpre, where SIpost is the mean signal intensity within the ROI on each 

of the post-contrast phases (CM, eNG, and NG) and SIpre is the mean pre-contrast signal 

intensity within the ROI. Since Ktrans and Kep did not provide additional value, the rest of 

the analysis focused on % enhancement.

Retrospective analysis of metastatic RCC patients

Patient cohort: Under IRB approval (IRB# STU 062012–017), we used Kidney Cancer 

Explorer, a i2b2-based database that integrates clinicopathologic data, to identify metastatic 

RCC patients who received first line TKI monotherapy or IO and underwent pre-treatment 

contrast-enhanced MRI. An ROI was drawn around metastases boundary by a 5th year 

radiology resident (C.S.), who was blinded to the therapy, in up to 5 metastases per patient 

in the pre-treatment NG-phase MRI. Metastases were classified as High (HE) or Low (LE) 

enhancement relative to the median % area enhancement across all tumors (Supplementary 

Methods). The largest dimension for each metastasis at pre-treatment MRI and available 

follow-up imaging (i.e., contrast-enhanced MRI or computed tomography) up to 3 months 

before any treatment changes were recorded. Progression per metastatic site was calculated 
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based on RECIST 1.1 (27). A secondary analysis defining partial response as ≥10% decrease 

in largest diameter (28) was completed.

Histopathology analysis and immunostaining

Histopathology served as reference standard. Final diagnosis was provided by a 

uropathologist (P.K.). For accurate co-localization post radical or partial nephrectomy, the 

surgical specimen was positioned to match its anatomic orientation in vivo using fiducial 

markers placed during surgery by a urologist (23,29), and/or with a 3D-printed mold 

(30). Tumors were bivalved, and co-localized samples were collected from one half of the 

specimen and snap frozen. A section from the other half of the specimen was submitted for 

processing into formalin fixed paraffin embedded (FFPE) blocks. Depending on tumor size, 

several sections or a whole mount were generated. Snap frozen tumor samples were inked 

in different colors, and thin flanking sections were collected for FFPE blocks for tumor 

adequacy assessment by hematoxylin and eosin (H&E) staining. Tumor adjacent to flanking 

sections with >70% tumor cellularity was used for RNA extractions. To assess expression 

levels of various protein markers, tissue blocks were sliced in 4 μm thick sections and 

stained using H&E, and immunohistochemistry (IHC) was performed according to standard 

protocols (17,31) (Supplementary methods).

cDNA library construction, RNA sequencing, and analyses

Total RNA was isolated from tumor according to an established protocol (32). RNA 

samples with RIN >7 were used for further RNA sequencing. Sequencing data obtained 

from 180 tissue samples (49 patients) (Admera Health Inc. Austin, TX) were used. 

RNA sequencing libraries were prepared using the Illumina TruSeq Stranded mRNA high 

throughput sample preparation kit following the manufacturers’ protocol (Supplementary 

Methods). Sequencing data for patients specifically consenting to have their genomic data 

shared in a public database are deposited at the European Genome-phenome Archive (EGA), 

which is hosted by the EBI and the CRG, under accession number EGAS00001003846 with 

controlled access (https://ega-archive.org).

Statistical analysis

Patient and tumor characteristics were summarized with means ± standard deviations (SD), 

counts, and percentages. Semi-supervised category identification and assignment (SCINA) 

algorithm (https://github.com/jcao89757/SCINA) (33) was applied for tumor subtype 

prediction based on 7 transcriptional subclusters described by Motzer et al. (20) using 

gene expression of 10 different pathway specific gene sets. The 10 sets of signature genes 

were provided as input to SCINA. Six angiogenic genes (VEGFA, KDR, ESM1, CD34, 

PECAM1, and ANGPTL4) in clusters 1 and 2 were used to calculate pathway activity 

scores, which were utilized to separate angiogenic tumor samples from non-angiogenic 

samples. Similarly, 28 genes from T-effector, Cell Cycle, FAS/Pentose Phosphate, and FAO/

AMPK signatures (clusters 4 and 5) were used to separate the T-effector/proliferative group 

from other groups. The same sets of angiogenic or T-effector/proliferative expression genes 

were used to calculate the Euclidean distances between samples and between tumors.
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For the DCE heatmap, Spearman correlation analysis was applied between expression 

values of each gene in selected tumor samples (i.e., areas) and the corresponding % 

eNG enhancement. Genes were ranked based on the Spearman correlation coefficient (ρ) 

and overrepresentation enrichment analysis was performed on genes with highest positive/

negative ρ values to identify the most correlated gene regulatory pathways with the web-tool 

(http://www.webgestalt.org/option.php). We selected genes within the top 10 correlated 

pathways from both sides and plotted scaled gene expression levels on the heatmap. For 

each gene, the expression levels were normalized by a min-max scaler. The gene expression 

mean value was calculated, and the expression values subtracted and then divided by this 

mean. For immune infiltration analyses, we applied eTME gene signatures coupled with the 

ssGSEA method, to predict the infiltration of immune cells (17,34). All reported p-values 

were obtained from one-tailed student’s t-tests at the 0.05 significance level, and false 

discovery rate (FDR) adjustments were applied to p-values (0.05 and 0.1 thresholds of 

significance, as indicated). ρ values were derived for all 27,051 genes. Statistical analyses 

were performed using SAS 9.4 (SAS Institute Inc., Cary, NC, Statistical Analysis System, 

RRID:SCR_008567) and R computing environment (version 3.3.2)(35).

Results

Patient Cohort and Implementation of Radiogenomics Platform for DCE MRI-based Tissue 
Assessment

Fig. 1 is a schematic representation of the workflow for image acquisition, tissue 

procurement, processing, and analyses. Tumors were classified based on the International 

Society of Urological Pathology (ISUP) grade. Patient and tumor characteristics are 

provided in Supplementary Table S1. Overall, 144 samples (49 tumors) were collected.

DCE MRI Identifies Angiogenic and Inflammatory Regions in ccRCC

We hypothesized that MRI-based tissue procurement of different tumor regions exhibiting 

high and low MRI enhancement in vivo would result in quantifiable differences in gene 

expression. First, we assessed the differences in gene expression patterns of primary tumors 

and renal parenchyma using all samples. Principal component analyses (PCA) confirmed 

distinct gene expression patterns in primary tumors (N= 49 tumors, 144 samples) compared 

to renal parenchyma (N = 36 samples) (Fig. 2A). We detected 3,296 genes differentially 

expressed in ccRCC (1,525 up-regulated and 1,771 down-regulated; FDR<0.05; fold change 

threshold, FC > 2) (Supplementary Table S2).

After careful evaluation of MRI, pictures taken during specimen anatomic orientation after 

surgery, gross appearance and shape of the tumor after sectioning, and location of tumor 

samples, we identified 37 tumors (80 samples) with at least 1 tumor sample with optimal co­

localization between imaging and pathology. Using these 80 tumor samples, we correlated 

% enhancement in the tumor location corresponding to each biopsy with the entire gene 

expression profile. First order statistics were computed to obtain the % CM, eNG, and 

NG enhancement (Supplementary Table S3). Fig. 2B shows a waterfall plot of correlation 

coefficient values.
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We then studied the ability MRI enhancement to identify areas with activation of angiogenic 

pathways (17,18). Analyses showed significant enrichment of RCC-specific processes such 

as angiogenesis and vascular development in both the eNG (Supplementary Table S4a), 

and NG phase images (Supplementary Table S4b). Analysis of the CM phase did not 

demonstrate enrichment of these processes (Supplementary Fig. S1; Table S4c), possibly 

due to technical factors (e.g., low temporal resolution of DCE-MRI). The signal intensity 

changes during the eNG and NG phases were more relevant surrogates for variations in gene 

expression.

A semi-supervised hierarchical clustering of top 5 positive and top 5 negative enriched 

gene processes obtained through over representation gene ontology analysis indicate 

that increased eNG enhancement reflects increased expression of genes associated with 

vascular development and angiogenic processes (FDR<0.1). Conversely, decreased eNG 

enhancement involves increased expression of genes associated with protein activation 

cascade, extracellular structure organization, and inflammatory response (FDR<0.1) (Fig. 

2C, Supplementary Table S4a).

Top ten genes with highest positive correlation with eNG enhancement were further 

evaluated to assess their potential clinical significance. Analysis of the ccRCC cohort in The 

Cancer Genome Atlas (TCGA-KIRC) confirmed that high expression of SCN4A, PDZD2, 
RAVER2, and BTNL9 is associated with better outcomes. Similarly, we analyzed ten 

genes with the highest negative correlation with eNG enhancement using the TCGA-KIRC 

cohort. Eight of these 10 genes, KDELR3, MCTS1, UCHL1, UCN2, KIAA1211, CCNO, 
SAA1, and PP1R1A were negative prognostic biomarkers, where higher expression results 

in unfavorable outcomes (Supplementary Fig. S2).

DCE MRI Identifies Regions with Defined Gene Expression Signatures Predictive of 
Response to Anti-angiogenic Therapy

We hypothesized that differences in MRI enhancement would be predictive of distinct 

molecular alterations known to correlate with response to AA and IO therapies. We applied 

recently reported transcriptional signatures predicting differential clinical outcomes (20) 

to classify all of our 144 samples (49 tumors) into 7 subtypes with similar molecular 

features using SCINA (33) and calculated their pathway activity scores (Fig. 3A). Cluster 

proportions in our samples closely match those reported at the signature level (20): 1) 

Angio/Stromal (21 samples), 2) Angiogenic (55 samples), 3) Complement/Omega-ox (8 

samples), 4) Proliferative (5 samples); 5) SnoRNA (4 samples), 6) Stromal/Proliferative (40 

samples), and 7) T-eff/Proliferative (11 samples). Activity scores are overall consistent with 

reported pathway activation in each subtype (20), with observed differences likely attributed 

to small sample size and predominantly early stage tumors in our cohort.

Next, we evaluated whether MRI enhancement, a physiologic readout of microvessel 

density in ccRCC (23), can predict angiogenic and inflammatory features using prognostic 

transcription signatures (20). Given the relatively small number of samples in each of the 7 

clusters, we selected 6 angiogenic signature genes (VEGFA, KDR, ESM1, CD34, PECAM1, 

ANGPTL4) shared between clusters 1 and 2 (i.e., enriched in responders to sunitinib (20)) 

to calculate the angiogenesis pathway activity scores at the sample level (144 samples). 
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The histogram for density of angiogenesis Z-scores demonstrated a bimodal distribution 

(Fig. 3B), with two peaks and one valley. We selected the valley as a cutoff and classified 

samples with z-scores above/below the cutoff as ‘angiogenic’ (38/144) or ‘non-angiogenic’ 

(106/144) groups, respectively. We then used clusters 4 and 5 (i.e., enriched in responders to 

atezolizumab + bevacizumab (20)), to calculate the T-effector/Proliferative pathway activity 

scores. For this, the Cell Cycle and FAS/Pentose Phosphate signatures were found to be 

shared between the two clusters. Additionally, we included the highly enriched T-effector 

signature in cluster 4 and FAO/AMPK signature in cluster 5. Thus, these four signatures 

were combined to create a T-effector/Proliferative group. Our data again showed a bimodal 

distribution (Fig. 3C). Applying the valley as cut-off, tumor samples were divided into 

‘T-effector/Proliferative’ (42/144) and ‘Other genes’ (102/144) groups.

We then focused on 80/144 samples (37 tumors) with precise radiology-pathology co­

localization, and correlated the % CM, eNG and NG enhancement in the tumor location 

corresponding to each biopsy and molecular profiling of the same biopsy. As anticipated, 

we found higher % enhancement in samples classified as angiogenic (20/80) compared 

to non-angiogenic (60/80), especially in the eNG (p=0.001) and NG (p =0.0003) phases 

(Fig 3D, Supplementary Fig. S3). In contrast, we did not observe significant differences 

in % enhancement between T-effector/Proliferative and other genes (P>0.05) (Fig. 3E, 

Supplementary Fig S3). We also observed higher % enhancement in the eNG (p = 0.04) and 

NG (p=0.02) phases in samples assigned only to the angiogenic group (17/80) compared 

to those assigned only to T-effector/Proliferative (21/80) group (Fig 3F, Supplementary 

Table S5). Interestingly, 3/80 samples with DCE correlation (5/144 total) were co-enriched 

for both angiogenic and T-effector/proliferative signatures suggesting the possibility of 

heterogenous transcriptome even at the sample level. Overall, our data suggest that MRI 

enhancement can distinctly identify angiogenic molecular subtypes previously shown to 

correlate with improved response to AA therapy.

Lastly, we evaluated ITH in tumors with more than one sample (45/49). Using 7 

molecular clusters (20), 17 tumors (38%) exhibited 1 cluster (i.e., homogeneous tumors), 

22 (49%) showed 2 clusters, and 6 (13%) had 3 clusters. Thus, two thirds of tumors 

were heterogeneous when classified with the 7 molecular subcluster scheme (20). Using 

our angiogenic and non-angiogenic groups, 5 (11%) tumors were angiogenic, 25 (56%) 

were non-angiogenic, and 15 (33%) were mixed. In the T-effector/Proliferative vs. other 

signatures classification, 21 tumors (47%) were T-effector/proliferative, 6 tumors (13%) 

were classified as others, and 18 tumors (40%) were mixed. Thus, more than one third of 

tumors were heterogeneous using each of our clustering schemes. To assess the inter-tumor 

heterogeneity and ITH, we calculated the Euclidean distance between different samples 

within the same tumor and different tumors (Supplemental Fig. S4). Substantially smaller 

Euclidean distances within the same patients than across patients were observed for the 

angiogenic genes, while less so for non angiogenic genes. A similar trend was observed for 

the T-effector/proliferative compared with other genes group. These observations indicate 

that although overall transcriptomic features could be highly heterogeneous across different 

regions of the same tumors, angiogenesis and inflammation are relatively more stable and 

homogeneous within the same tumors.
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DCE-MRI Enhancement Predicts Gene Expression of Vascular Markers and HIF Response 
Genes.

We next evaluated whether eNG enhancement can predict changes at the gene expression 

level of known vascular markers. We observed positive correlation between enhancement 

levels and established vascular markers (Supplementary Table S6). Since activation of the 

HIF-VEGF pathway is a key feature in ccRCC development, we specifically looked at 

the correlation between eNG enhancement and expression of reported HIF-2 (n=439), and 

HIF-1 (n=475) target genes (31,36). Six HIF-2 target genes correlated positively (FDR 

<0.05) with % eNG enhancement (Fig. 4A, B) and two of them (PDGFD, CD34) (37,38) 

have established roles in angiogenesis. Two HIF-2 target genes (MYBL2 and STEAP3) 

associated with cell proliferation and iron homeostasis (39,40) correlated negatively (FDR 

<0.05) with % eNG enhancement although have no established role in angiogenesis.

Similarly, we determined if % eNG enhancement can predict expression of HIF-1 target 

genes (36) (Fig. 4C, D). Five HIF-1 target genes correlated positively and two negatively 

(FDR<0.05) with eNG enhancement. The role of these in angiogenesis is controversial (41–

44) or not established in ccRCC (45–47). We observed a significant positive correlation 

between eNG enhancement and RNA expression of HIF3A (rho=0.4, FDR=0.03). We 

did not find similar correlation for the other paralogs (HIF1A [rho=−0.003, FDR=0.99], 

HIF2A [rho=0.31, FDR=0.13], or the two HIF-β paralogs (ARNT [rho=0.09, FDR=0.85], 

ARNT2 [rho=0.15, FDR=0.65]. A trend toward positive correlation between HIF-2A and 

eNG enhancement (rho=0.31, p= 0.005, FDR=0.13) was not confirmed by IHC analysis 

(Supplementary Fig. S5). These results suggest that eNG enhancement can potentially serve 

as a readout for downstream physiological response to HIF targeting, rather than direct HIF 

expression itself. Moreover, HIF-2 may be a more relevant driver of tumor angiogenesis than 

HIF-1 in ccRCC. Alternatively, these genes may be uncoupled from HIF-2 and regulated via 

other processes.

DCE MRI Reports on ccRCC Tumor Microenvironment (TME)

We next sought to determine whether DCE MRI could reveal differences in immune cell 

infiltration within particular tumor areas. RNA-Seq data from the 80 co-localized samples 

(37 tumors) were analyzed using eTME gene signatures to predict immune-cell infiltration 

levels in tumor microenvironment. eTME signatures refer to a set of RCC specific immune 

cell/stroma markers derived empirically from comparison of expression data of human 

tumors and corresponding patient-derived xenografts (17). We classified our samples as 

‘high’ or ‘low’ based on their % eNG enhancement being above or below the median % 

eNG enhancement (median cutoff 364%) (Fig. 5). Differences in eTME cell types based 

in mRNA expression (Fig. 5A) were confirmed at the protein expression level by IHC 

for samples in the top quartile (75 – 100 percentile; n = 19 samples) and bottom quartile 

(0–25 percentile; n=20 samples) % eNG enhancement. We confirmed higher enrichment 

of pericytes and endothelial cell type specific genes in high enhancing samples (Fig. 5A, 

P-values <0.02) compared to low enhancing samples; protein expression of CD31 and CD34 

(vascular markers) were consistent with this finding (Fig. 5B). Similarly, we found increased 

expression of mast cell type-specific genes in high enhancing regions compared to low 

enhancing regions (P-value = 0.016). We found a subtle increase in cells expressing CD117, 
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a mast cell marker, in high enhancing samples (1–2% staining positive) compared to low 

enhancing samples (<1% staining positive) (Fig. 5C). The role of infiltrating mast cells 

as promoter of angiogenesis in RCC TME was recently described (38). Notably, CD8+ T 

cell enrichment did not correlate with % eNG enhancement (Fig. 5A, C). These findings 

suggest that T-cell infiltration was more uniform in our cohort with higher representation of 

smaller ccRCCs, compared to heterogeneous T-cell infiltration commonly present in larger 

tumors. Further, low enhancing samples showed higher enrichment of B-cells, macrophages, 

and eosinophils (P-values <0.05) (Fig. 5A) supporting the hypothesis that decreased tumor 

vascularity is associated with inflammation. A higher percentage of cells staining positively 

for CD20 (B-cell marker) and CD163 (macrophage marker) in low enhancing samples 

compared to high enhancing samples was not statistically significant (Fig. 5C).

Next, we explored the relationship of tumor angiogenesis and inflammation within 

areas of high and low-level % eNG enhancement at the histopathology level. Fig. 5D 

shows the qualitative assessment of CD31 and CD163 expression levels in representative 

tissue samples corresponding to those with the highest (n=5), and lowest (n=5) % eNG 

enhancement. Low enhancing samples exhibited less vascular staining (CD31) and more 

prominent inflammatory staining (CD163), whereas high enhancing samples exhibited 

prominent vascular and weak inflammatory IHC staining. This is consistent with a 

previously described association between a ‘hypoxic gene signature’, and a high innate and 

adaptive gene expression signature in ccRCC (48). Together, these results confirm that ITH 

in specific TME gene signatures can be captured by changes in DCE MRI. Furthermore, 

our data indicate that angiogenesis and inflammation tend to anti-correlate within the same 

tumor.

MRI Contrast Enhancement Identifies Phenotypes with Better Response to AA Therapy 
Among Metastatic clear cell renal cell carcinoma (ccRCC) Patients

We hypothesized that ccRCC exhibiting more robust enhancement would have heightened 

angiogenesis and be more responsive to TKI therapy. Contrarily, tumors exhibiting less 

enhancement would be less angiogenic, with increased inflammatory mediators and benefit 

from IO therapy. We identified 19 consecutive metastatic ccRCC patients who received first 

line AA monotherapy (Sunitinib, Sorafenib, Pazopanib, or Axitinib) or IO (Nivolumab as 

monotherapy or in combination with Ipilimumab) and underwent pre-treatment multiphasic 

contrast-enhanced MRI (Supplementary Table S7). Of these, 12 patients with 22 metastases 

received AA and 7 patients with 17 metastases received IO. Median follow-up after 

initiation of therapy was 92 days (range 21–182 days). We classified metastases as High 

(HE), or Low (LE) enhancement based on the median percent area of NG enhancement of 

all metastases (Supplementary Methods). Overall, 10/22 and 12/22 metastases receiving AA 

were classified as HE and LE, respectively. Out of 17 metastases treated with IO, 9 were 

HE and 8 were LE. Overall, 8 metastases showed progressive disease (PD), 24 stable disease 

(SD), 7 partial response (PR), and none complete response (CR). 4/22 metastases exhibited 

PR to AA whereas 3/17 metastases showed PR to IO (Supplementary Table S7).

There was significant association between different groups (HE AA, LE AA, HE IO, LE IO) 

and response to therapy (p<0.0001), which remained significant when adjusted for IMDC 
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and MSKCC scores (p<0.0001). However, there was no correlation between the IMDC and 

MSKCC inputs and likelihood of response to AA and IO. No HE AA metastases (0 out of 

10) progressed while 5 out of 9 HE IO metastases progressed. On a per-lesion basis, HE 

AA metastases had longer PFS than HE IO metastases (adjusted p <0.0001; Supplementary 

Table S7). HE AA metastases also exhibited a longer PFS than LE AA metastases (adjusted 

p <0.0001). Notably, only 1 of the 8 LE IO metastases progressed (Fig. 6A) although 

differences in PFS between LE IO and HE IO did not reach statistical significance (Adj P 

= 0.62; Supplementary Table S7). There was no significant difference in tumor response by 

RECIST 1.1 (p value = 0.12). The HE AA metastases exhibited the highest PR rate using 

10% decrease in longest diameter (6 out of 10 metastatic lesions), a superior reported criteria 

for metastatic RCC receiving TKI (28). However, these differences were not statistically 

significant (P=0.17) (Fig. 6B). Representative images in three metastatic ccRCC patients are 

shown in Fig 6C.

Discussion

Our analyses support the ability of DCE MRI to detect co-existence of angiogenic and 

inflammatory areas within the same tumor. We observed increased expression of several 

genes involved in vascular processes in tumors samples obtained in areas with intense early 

(eNG) and frank (NG) nephrographic enhancement. Furthermore, assessment of regions 

with low eNG enhancement revealed higher expression of complement genes and a rich 

inflammatory signature (49). Our data are particularly relevant in patients with advanced 

RCC, in whom a decision among available first line therapeutic regimens remain empirical. 

Whereas combination AA/IO regimens may be able to overcome the challenge of tumor 

heterogeneity, this approach offers no benefit for tumors that are resistant to one of the 

two drugs and results in unnecessary side effects. Based on our findings, it is plausible that 

patients with homogeneous hyper-enhancing tumors may respond more favorably to AA 

whereas IO would be preferable in those with extensive hypo-enhancement.

Previous DCE MRI reports have focused on differentiating renal masses with different 

histology (50,51). Studies in metastatic RCC preceding the era of checkpoint inhibitors 

demonstrated that DCE MRI-derived metrics are pharmacodynamic biomarkers for the TKI, 

sorafenib (15). However, conflicting results were found in their ability to predict PFS 

(13,15). There are important differences in our study. First, sorafenib is a first generation 

TKI with proven inferior oncologic benefit compared to newer TKIs. Second, prior studies 

included non-clear cell histology. Third, to our knowledge, we report the first correlation 

between DCE MRI enhancement and molecular signatures in ccRCC

Intratumor heterogeneity (ITH) is thought to be associated with treatment failure and therapy 

resistance (19,52,53). Swanton and colleagues (52) reported an exon-capture multi-region 

sequencing in ccRCC, where primary nephrectomy tumor samples showed only 34% of the 

detected mutations shared between sample sites. Similarly, the TRACERx Renal study (54) 

proposed grouping ccRCCs genomically into different evolutionary subtypes that exhibit 

different clinical outcomes. However, clinical implementation of such approach is not 

without challenges. Characterization of ITH with multiregional sequencing to guide clinical 

decision making would be cost-prohibitive and technically difficult. Indeed, TRACERx data 
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suggest an average of 7 biopsies per tumor to detect >75% of all driver variants in the same 

tumor. Our data using modern predictive gene signatures (20) indicate that up to two thirds 

of renal masses would be incorrectly characterized using a single biopsy due to ITH, despite 

enrichment of small renal masses (i.e., presumably more homogeneous) in our cohort. Thus, 

the variable molecular landscape is not completely reflected with clinical biopsies offering 

limited tissue samples. Moreover, although histologic evaluation of tumor vascularity can 

delineate blood vessel density, it does not offer a true physiologic assessment of the vascular 

network and blood flow. Whole-tumor imaging and a more comprehensive histopathologic 

analysis of available tissue samples will undoubtedly help reveal and decipher ITH allowing 

for better predictive and prognostic models.

Recently, metastatic patients in angiogenic and angiogenic/stromal subsets (20) showed 

improved PFS with AA, while patients in T-effector/proliferative subsets showed improved 

PFS with IO. Our results are consistent with those findings and suggest that angiogenic 

clusters can be identified non-invasively. High-enhancing untreated metastases showed 

better PFS when treated with AA than hypoenhancing metastases receiving AA or any 

metastases receiving IO. Similarly, we recently demonstrated that high baseline perfusion 

measured by arterial spin labeled MRI, a technique that estimates tissue perfusion in ccRCC 

(23,55), correlates with response to AA therapy in metastatic RCC (56). Furthermore, these 

data are also consistent with our finding in ccRCC patients with pancreatic metastases, 

which exhibit intense enhancement on contrast-enhanced imaging, indolent oncologic 

behavior and histopathology, prominent vasculature, and a strikingly favorable response 

to frontline AA therapy but are refractory to IO therapy (12). In contrast, more aggressive 

forms of ccRCC have higher levels of immune cell infiltration, lower angiogenesis, and 

respond better to IO therapy (17,18). We noted longer PFS and higher responses in 

metastases with low enhancement undergoing IO therapy although the small sample size 

precluded reaching statistical significance. Other factors may have contributed to these 

findings and more sophisticated image analysis, including radiomics and machine learning, 

may offer better assessment of disease response. Combination therapies may be particularly 

helpful in patients exhibiting both imaging phenotypes although further validation is needed.

Our study has some limitations. First, the proposed image-based tissue procurement relies 

heavily on the co-localization efforts between pre-surgical imaging and post-surgical 

histologic analysis. Despite using fiducial markers placed during surgery to orient the 

specimen, some misalignment between imaging and the tissue specimen became apparent in 

some cases. We addressed this by including only the 37 tumors (80 samples) for which we 

had high confidence in the co-localization of imaging and biopsy sites. Second, our study 

cohort was enriched for small renal tumors, which tend to exhibit low grade histology and 

indolent behavior. Further studies will focus on larger tumors and assessment of imaging 

features as prognostic biomarkers. Lastly, clinical validation of our findings in patients with 

metastatic ccRCC receiving AA or IO therapy was completed in a small cohort and require 

further validation.

In conclusion, we have established a radiogenomics platform using DCE MRI, co-localized 

tissue procurement methods, correlation of transcriptome levels with imaging features, and 

immunohistochemical validation to detect, for the first time, molecular heterogeneity in 
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ccRCC non-invasively. We have demonstrated that imaging can differentiate heterogeneity 

in both angiogenic and immunologic features within the same tumor. Our platform provides 

a first step to overcome limitations of percutaneous biopsies in informing physicians 

regarding prognosis and treatment of heterogeneous ccRCC tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

We have implemented a novel vertically-integrated radiogenomics platform to non­

invasively decipher tumor heterogeneity in clear cell renal cell carcinoma (ccRCC). 

This prospective study combined the analyses of in vivo phenotypes from dynamic 

contrast-enhanced magnetic resonance imaging (DCE-MRI) with histopathological and 

molecular assessment of multi-region tumor samples obtained from spatially co-localized 

tumor areas. We postulated that differences in enhancement at DCE-MRI reflect unique 

underlying histopathological and molecular features. Using an MRI-driven targeted 

tissue procurement and analysis, we demonstrate that imaging phenotypes correlate 

with heterogenous molecular signatures associated with angiogenesis and inflammation. 

Notably, MRI phenotypes identify a subgroup of metastatic lesions that are more likely 

to respond to antiangiogenic therapy. This study uncovers the potential of non-invasive, 

image-based whole-tumor predictive biomarkers to assist in the selection of optimal 

therapeutic regimens.
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Fig. 1. Schematic of radiogenomics platform for DCE MRI-based tissue procurement and 
genomic analysis.
Patients underwent magnetic resonance imaging (MRI), including dynamic contrast­

enhanced (DCE) MRI, for vascularity determination. Yellow circle delineates the entire 

tumor. Other colored circles represent the targeted regions of interest (tROIs) corresponding 

to areas of high and low enhancement on the DCE MRI. After surgical resection, each tumor 

was anatomically co-registered and sliced to match the imaging plane. Tissues samples 

from the same location in the tumor specimen and approximate size as the tROIs were 

collected as targeted samples. These samples were snap frozen and further processed for 

RNA extraction, and genomic analysis as indicated. The results of the gene expression 

analysis were then correlated with the MRI-derived measures. Immunohistochemistry (IHC) 

slides were generated from flanking sections of each targeted tissue sample for assessment 

of vascular and immune features. Tumors were also graded based on the International 

Society of Urological Pathology (ISUP) grading system. Overall, 45 out of 49 primary 
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tumors had more than one tROI: 16 tumors had 2 tROIs, 17 tumors had 3 tROIs, 7 tumors 

had 4 tROIs, 3 tumors had 5 tROIs, 1 tumor had 6 tROIs and 1 tumor had 8 tROIs.
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Fig. 2. Dissecting associations between DCE-MRI and angiogenic/inflammatory regions in 
ccRCC tumor samples.
(A) Principal component analysis (PCA) plot generated by analyzing 27,051 genes using 

unsupervised multivariate method. Points represent 144 ccRCC samples (orange) and 36 

kidney (uninvolved renal parenchyma) samples (blue), with axes showing the values of 

the first 3 PCs for every point, and percentage of variance indicated. (B) Waterfall plot 

of Spearman ranked correlation coefficients (ρ) between all genes analyzed and percent 

enhancement level for early nephrographic (eNG), and frank nephrographic (NG) post­

contrast DCE phases. The ρ values were calculated from correlating percent enhancement on 

MRI with expression levels for 27,051 genes detected by RNA sequencing across all tumor 

samples. (C) Heatmap of semi-supervised hierarchical clustering of top 5 positive and top 

5 negative enriched gene processes obtained through over representation gene ontology 

analysis. Normalized RNA expression values of non-redundant genes that correlated 

positively (coral vertical bar) and negatively (blue vertical bar) with % eNG enhancement 

are indicated. Genes are shown on the right side of the heatmap. Tumor samples (each 

column) are indicated below the heatmap and are color matched for samples from the same 

tumor. The % eNG enhancement for each sample is indicated with a green horizontal bar on 

the top. The green scale bar indicates the percent Enhancement values, and the blue-to-red 

scale indicates scaled gene expression values.
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Fig. 3. DCE MRI serves as a predictive marker for detecting tumor regions enriched for defined 
molecular signatures of therapy response.
(A) Heatmap showing expression levels of transcriptome signature identified by Motzer et al 

(20) in SCINA clustering groups. Samples were clustered using the mean across samples for 

each gene, and the mean Z score for each signature was calculated, resulting in one Z score 

per signature per SCINA cluster. Histogram plots for the density of angiogenesis (B) and 

T-effector/Proliferative (C) Z-scores of all 144 tumor samples. (D) Box plot comparing % 

enhancement in the early (eNG) and frank(NG) nephrographic phases of DCE MRI between 

angiogenic and non angiogenic sample groups (80 tumor samples). (E) Box plot comparing 

% enhancement in the eNG and NG phases between T-effector/Proliferative and other genes 

group. (F) Box plots comparing % enhancement in the eNG (top) and NG (bottom) phases 

between exclusively angiogenic or T-effector/Proliferative signature enriched sample groups. 

All p-values are indicated in the figure.
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Fig. 4. Contrast enhancement on MRI predicts expression of HIF target genes.
Volcano plot of ranked correlation coefficient values and corresponding false discovery rate 

(FDR) values between early nephrographic (eNG) enhancement and HIF-2 (A) and HIF-1 

(C) target gene expression levels. Genes displayed to the right and left side of the vertical 

dotted line represent those exhibiting a positive and negative correlation, respectively. HIF-2 

target genes that passed FDR<0.05 (magenta), and FDR <0.1 (brown) cutoffs are indicated. 

Correlation graphs between expression level and percent enhancement on MRI for top 

positively correlated, and top negatively correlated HIF-2 (B) and HIF-1 (D) target genes 

that passed FDR<0.1.
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Fig. 5. DCE-MRI enhancement predicts enrichment of eTME gene signatures.
(A) Box plot of eTME gene clusters with corresponding ssGSEA enrichment score. The 

enrichment scores were calculated independently for each cell type based on specific gene 

signatures unique to those cell types. Blue and red boxes represent median low and high 

early nephrographic (eNG) enhancement level on DCE, respectively. The immune cell 

types that were statistically enriched (p<0.05) in the tissue samples corresponding to low 

enhancing tumor regions are represented in blue, and those enriched in tissue samples 

obtained in high enhancing areas on DCE are represented in red. The p-values for the 

enriched cell types that are significantly different between tumor samples corresponding 

to high and low enhancing areas on MRI are as follows: 1) Macrophages (p = 0.003), 2) 

Pericytes (p = 0.003), 3) Endothelial cells (p = 0.02), 4) Eosinophils (p = 0.02), 5) Mast 

cells (p = 0.02), and 6) B-cells (p = 0.03). Th.cells: T-helper cells, Tfh.cells: T follicular 

helper cells, Treg.cells: regulatory T-cells, aDCs: activated dentritic cells, iDCs: immature 

dentritic cells, pDCs: plasmacytoid dentritic cells, Tm cells: memory T cells. NK cells: 

natural killer cells. (B) Tumors were classified into high and low enhancing based on median 

percent enhancement (Median cutoff: 364% increased signal between pre-contrast [PRE] 

and early nephrographic [eNG phases]). Histological validation of differences in vascular 

marker expression (CD31, and CD34) in the study cohort grouped into high enhancing 

(High quartile) and low enhancing samples (Low quartile). (C) Similarly, protein expression 
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level differences in eTME cell type markers were assessed by IHC for samples in the top 

quartile enhancement (n = 19 samples), and bottom quartile enhancement (n=20 samples) 

values as indicated in the figure. (D) Top panel indicates the pathologist’s assessment of 

CD31 and CD163 expression levels from IHC slides for 5 representative high and low 

enhancing tumor samples on the early nephrographic (eNG) phase. Patient number and 

corresponding eNG enhancement values derived from first order statistics are as indicated. 

Bottom panel shows the representative IHC images of CD31 and CD163 expression in one 

sample from each group as indicated. High enhancing tumor sample indicated in yellow, and 

low enhancing tumor sample indicated in blue.
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Fig. 6. MRI Contrast Enhancement identifies phenotypes with better response to anti-angiogenic 
(AA) therapy among metastatic clear cell renal cell carcinoma (ccRCC) patients.
(A) Kaplan-Meier plot of the progression-free survival in different subgroups based on % 

area enhancement (High enhancement [HE] and Low enhancement [LE]) on nephrographic 

(NG) phase at DCE MRI; HE AA represents lesions with high % area enhancement treated 

with AA (brown); LE AA represents lesions with low % area enhancement treated with AA 

(red); HE IO represents lesions with high % area enhancement treated with IO (green); LE 

IO represents lesions with low % area enhancement treated with IO (blue). The number of 

lesions that progressed (defined as >20% increase in longest lesion diameter compared to 

baseline), out of total number of lesions for each subgroup are: 1) LE IO: 1/8 (13%), 2) 

HE IO: 5/9 (55%), 3) LE TKI: 2/12 (15%), and HE TKI: 0/10 (0%). (B) Kaplan-Meier plot 

of the secondary analyses of the probability of partial response. The number of lesions that 

partially responded (defined as at least 10% decrease in longest lesion diameter compared 

to baseline), out of total number of lesions in each subgroup are: 1) LE IO: 2/8 (25%), 2) 

HE IO: 2/9 (22%), 3) LE TKI: 5/12, and 4) HE TKI: 6/10 (60%). (C) Representative images 

in 3 patients with metastatic ccRCC. Metastatic lesions are delineated with colored regions 

of interest (ROI). Top panel: Patient M008 had 3 metastatic deposits in the retroperitoneum 

at baseline. Lesion 1 and 3 were classified as LE whereas lesion 2 was classified as HE 

at baseline. Patient received AA therapy with Pazopanib and 3 months after initiation of 

therapy, a contrast enhanced computed tomography (CT) shows marked increase in size 

of lesions 1 and 3 (progressive disease) but mild decrease in size of lesion 2 representing 

partial response. Left panel: Patient M009 had 3 metastases in the pancreas, two of them 

were used as target lesions (red and yellow ROI). At baseline, the largest mass (yellow ROI) 
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was classified as LE whereas the smaller pancreatic metastasis (red ROI) was classified as 

HE. Patient received AA therapy with Pazopanib and 3 months after initiation of therapy, a 

non-contrast MRI revealed unchanged size of the largest mass (yellow ROI, stable disease) 

and decrease in size of the smaller lesion (red ROI, partial response). A third lesion 

exhibiting intense enhancement at baseline (white ROI) also exhibited partial response at 

3 months. Right panel: Patient M001 had two retroperitoneal lymph nodes classified as LE 

at baseline. Patient received IO with Ipilimumab/Nivolumab and a two month follow up 

contrast-enhanced CT shows decrease in size of both lymph nodes (partial response), which 

remain hypoenhancing.
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