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Abstract

Anti-angiogenic therapy and immune checkpoint inhibition are novel treatment strategies for patients with renal cell
carcinoma. Various components and structures of the tumor microenvironment are potential predictive biomarkers and also
attractive treatment targets. Macrophages, tumor infiltrating lymphocytes, vascular and lymphatic vessels represent an
important part of the tumor immune environment, but their functional phenotypes and relevance for clinical outcome are yet
ill defined. We applied Tissue Phenomics methods including image analysis for the standardized quantification of specific
components and structures within the tumor microenvironment to profile tissue sections from 56 clear cell renal cell
carcinoma patients. A characteristic composition and unique spatial relationship of CD68+ macrophages and tumor
infiltrating lymphocytes correlated with overall survival. An inverse relationship was found between vascular (CD34) and
lymphatic vessel (LYVE]1) density. In addition, outcome was significantly better in patients with high blood vessel density in
the tumors, whereas increased lymphatic vessel density in the tumors was associated with worse outcome. The Tissue
Phenomics imaging analysis approach allowed visualization and simultaneous quantification of immune environment
components, adding novel contextual information, and biological insights with potential applications in treatment response
prediction.

Introduction Pazopanib, another TKI, targets VEGF receptors

VEGFR1-VEGFR3 [4]. Immunotherapy recently emerged

Metastatic clear cell renal cell carcinoma is a very aggres-
sive disease with poor prognosis. Current treatment strate-
gies include anti-angiogenic therapies with the vascular
endothelial growth factor (VEGF)-neutralizing antibody
bevacizumab [1] or the tyrosine kinase inhibitors (TKI)
sunitinib [2] and sorafenib [3] targeting VEGF and PDGF
receptors on tumor cells and intratumoral vessels.
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as additional treatment option in metastatic clear cell renal
cell carcinoma [5, 6]. Immune checkpoint inhibitor therapy
with antibodies against PD-L1 [7] or PD-1 [8, 9] has been
tested in clinical trials. In addition to single agent applica-
tion, there are already attempts to combine TKI with anti-
PD-1 [10] or anti-PD-L1 [11] as a combination therapy.

A predictive biomarker is of utmost importance because
it helps stratifying renal cell carcinoma (RCC) patients for
clinical trials with immunotherapy and anti-angiogenic
therapies. In contrast to lung cancer and melanoma
patients, predictive biomarkers based on molecular char-
acteristics of the epithelial renal cancer cells are yet to be
identified [12]. It has been hypothesized that components of
the immune profile of cancer patients can predict ther-
apeutic responses [13, 14]. The effect of the patients’
immune system on clinical outcome has important impli-
cations for the identification of prognostic markers and
biomarkers that predict responses to novel immune thera-
pies or anti-angiogenic therapies.

The tumor microenvironment usually consists of a het-
erogeneous immune infiltrate potentially including B-cells,
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T-cells, monocytes and macrophages, dendritic cells, mast
cells, natural killer (NK) cells, and stromal components
such as cancer-associated fibroblasts. Tumor cells grow in a
network of vascular and lymphatic vessels [13, 15]. Tumor
infiltrating lymphocytes, tumor-associated macrophages,
and blood/lymphatic vessels are not only attractive bio-
markers, but also promising therapeutic targets.

In clear cell renal cell carcinoma, the clinical response to
VEGF-inhibitors is partly explained by a high density of
blood vessels due to the upregulation of VEGF. Tumor
tissue of clear cell renal cell carcinoma has a characteristic
network of small sinusoidal blood vessels. Previous studies
have shown that clear cell renal cell carcinoma with high-
microvessel density (MVD) have better outcome than clear
cell renal cell carcinoma with low-MVD [16-18]. This is in
contrast to other solid tumors, e.g., breast and bladder
cancer [19, 20]. Recently, experimental data have shown
that malignant tumors release growth factors such as VEGF-
C to induce lymphatic vessel expansion (lymphangiogen-
esis) in primary tumors, thereby promoting a lymphatic
spread [21]. Although the prognostic relevance of angio-
genesis in clear cell renal cell carcinoma has been well
documented, the clinical consequence of lymphangiogen-
esis with intratumoral and peritumoral lymphatic vessels is
unclear. This is potentially due to difficulties in identifica-
tion and quantification of intratumoral lymphatic vessels.

Lymphocytes can be located in the tumor center, in the
invasive front of the tumor or in tertiary lymphoid structures
around the tumor. Recent analyses of renal cell carcinoma
have demonstrated variable numbers of infiltrating immune
cells within and around the tumor [22-24]. The immune
infiltrates are heterogeneous and very diverse from patient
to patient [13, 25, 26]. A high number of tumor infiltrating
lymphocytes has been shown to correlate with worse
prognosis in clear cell renal cell carcinoma patients [22, 23].

Tumor-associated macrophages are another key immune
component in the tumor microenvironment. Distinct subsets
of tumor-associated macrophages such as immunostimula-
tory M1-type macrophages and immunoregulatory M2-type
macrophages can either block or facilitate tumor growth,
induce or repress antitumor immunity, angiogenesis, and
cell migration [27, 28]. However, the presence of macro-
phages is rarely measured in histological slides. Recently,
specific tumor-associated macrophage phenotypes have
been identified by mass cytometry and proposed as a
potential biomarker in renal cancer [24].

The quantification of tumor infiltrating lymphocytes,
tumor-associated macrophages and vessels is difficult in
routine histopathology. Intratumoral heterogeneity repre-
sents a significant barrier to clinical implementation.
Automated image analysis may complement histopathology
by standardizing the quantification of potential prognostic
or predictive biomarkers of the immune contexture and its

spatial relationship [29-31], and can be utilized to extract
big data sets from tissue sections to distill additional rele-
vant information.

Materials and methods
Patients

A total of 56 patients who underwent surgical treatment of
renal cell carcinoma at the University Hospital Zurich were
included in this study. Thirty-three of these patients were
male and 23 female (median age: 67.5 years). Follow-up
data were available from 48 patients (median duration
79 months). The clinico-pathological characteristics of the
patient cohort are presented in Supplementary Table 1.
Tumor tissue was evaluated for pathological stage and
histological grade according to the 2016 WHO classifica-
tion and the ISUP grading system [32, 33]. For each tumor,
at least one representative tumor tissue block, with a
minimum of 1 cm tumor diameter, was taken for histology.
After re-evaluating the hematoxylin and eosin-stained sec-
tions, from each case, we selected one block containing the
tumor margin with tumor tissue and adjacent nontumorous
kidney tissue for image analysis. Histopathologic evalua-
tions of tumor infiltrating lymphocyte densities inside the
borders of the tumors were performed by one pathologist
(HM) and roughly classified as low, moderate, and high.

This study was approved by the cantonal ethics com-
mittee of Zurich (KEK-ZH-No. 2013-0629). The retro-
spective use of the tumor tissue material is in accordance
with the Swiss Law (“Humanforschungsgesetz”), which,
according to Article 34, allows the use of biomaterial and
patient data for research purposes without informed consent
under certain conditions that include the present cases. Law
abidance of this study was reviewed and approved by the
ethics committee of the Canton Zurich.

Immunohistochemistry

Formalin fixed and paraffin-embedded sections (2.5 um)
were transferred to glass slides followed by immunohisto-
chemical staining according to Ventana (Tucson, AZ, USA)
automat protocols. Antibodies and conditions are listed in
Supplementary Table 2. Tonsil tissue was used as positive
control.

Data analysis
For data analysis we used Tissue Phenomics, which com-
bines (a) the Definiens Cognition Network Technology

(CNT) and the corresponding image data analysis software
platforms Definiens Developer XD and Tissue Studio
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(Definiens AG, Munich) with (b) data mining and machine
learning methods. In principle, CNT is an artificial intelli-
gence (Al) application, which approximates human ability
to interpret objects, patterns, and context in datasets. CNT
extends beyond recognizing individual pixels in an image,
as it also uses colors, textures, sizes, and spatial relation-
ships to assign pixel groups as individual and hierarchical
objects in an image. Structures and features of interest can
thus be accurately and robustly segmented and classified
within a determined hierarchy created by using the analyzed
image [34, 35]. Combining CNT with other Al methods like
Data Mining and Machine learning, enables the discovery
and extraction of new valuable knowledge and new image-
based biomarkers, which may support scientific insights,
diagnosis, progress in patient stratification, prognosis, and
patient treatment decision [36, 37].

Image capture and image analysis

Whole slide images (WSI) were captured on the Zeiss Axio.
Scan Z1 tissue slide scanner using a 20x objective. Dedi-
cated algorithmic solutions were developed using the
Definiens Tissue Studio and Developer XD software plat-
form for co-registration and for image analysis. The images
analysis results were correlated to the patient clinical out-
come data for the identification of potential image-based
prognostic biomarkers. Co-registration of patient related
WSIs was done by using Definiens Tissue Studio
and enables quantification of co-expression for all applied
immunohistochemical biomarkers in the same tumor
microenvironment. In a next step, immunohistochemically
positive single cells were detected, segmented and classified
in T-cells (CD3 and CD8), B-cells (CD20), and macro-
phages (CD68) as well as blood (CD34) and lymphatic
vessels (D2-40 and LYVEL). After object detection, seg-
mentation, and classification multiparametric data extraction
was achieved using algorithms quantifying absolute, rela-
tive, neighborhood’s and spatial relationships properties for
total numbers, color, and morphological properties of single
objects like shape, object groups cell groups and spatial
relations between such properties.

Statistical analysis

Descriptive statistics, correlation, regression, receiver
operating characteristic (ROC), and survival analysis were
applied after image analysis to quantify the distribution
densities and the spatial relationships of T-cells, B-cells,
blood-, and lymphatic-vessels related to the tumor micro-
environment and to the existing clinical outcome data.
Definiens Image Miner New Generation (Definiens AG),
the statistical tools (SigmaPlot for windows Version 13.0
(Systat Software, Inc.) and MedCalc Statistical Software
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version 17.9.7 (MedCalc® Software bvba, Ostend, Belgium;
http://www.medcalc.org; 2017) were used for further ana-
lysis to define and evaluate the prognostic value.

Object distribution densities (population densities) were
calculated based on tissue stained areas and on the calculated
numbers of single detected, segmented, and classified
objects. Using the Definiens Tissue Studio Software the
serial WSIs for each individual patient were automatically
co-registered, the tumor tissue was manually annotated in a
selected WSI and the annotated tissue region was fully
automatically transferred into the remaining serial slides. In
a next step and for each individual patient the annotated
tumor tissue was analyzed using image analysis. Objects like
cells and vessels in tumor tissue were detected, segmented,
and classified. Numbers and distribution densities of these
objects were then quantified in each of the patient’s serial
tumor tissue slides. These numbers and object distributions
in tumor and tumor margins were used as parameters to
compare different patient groups. For each parameter, an
optimal cut-off value was calculated using ROC analysis.
Each cut-off was used to dichotomize the patients into
“high” (over the cut-off) and into “low” (below the cut-off)
parameter values. This method was applied for each calcu-
lated image analysis parameter describing population den-
sities of cells and vessels. The classification results were
subsequently used for survival analysis by calculating
Kaplan Meier curves and hazard ratios. The cut-off calcu-
lation for the distribution densities (vessel areas and object
numbers) of lymphatic vessels in LYVEI stained tumor
tissue is shown as an example in Supplementary Figure 2.

The potential impact of each parameter on overall sur-
vival (OS) was analyzed using Log-Rank test and Cox-
Regression models. ImmunoProfiles (IPs) including each
investigated parameter were calculated. Radar Plots graphs
combining quantitative image analysis results with clinical
data were created for the IPs. Furthermore, IPs enable
quantitative comparisons between patients and patient
groups as well as the assignment of an individual immune
status into an appropriate tumor-related “local immune
status” group (IPs-group). Similar IPs already known as
“cancer immunograms” were described as qualitative
visualizations of the state of cancer immune system inter-
actions, which may spur personalized therapy [38]. In the
present study, IPs were comparable, “quantitative”
descriptions of tumor-related “local immune status”.

Results
Clinical parameters

We first tested the available pathological parameters for
patient stratification. The survival analysis based on the
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Fig. 1 a Scanned clear cell renal cell carcinoma tissue section
immunohistochemically stained against CD68 expressing macro-
phages with different magnifications of a selected tissue area (Al and
A2). b Image analysis result of the same tissue section with different

ISUP grade [33] and the pathological tumor stage [32] is
shown in Supplementary Figure 1. Patients with high-grade
tumors (low versus high grade) had a significantly impaired
outcome, whereas only a trend was found for late tumor
stage.

Characterization of tumor infiltrating lymphocytes,
tumor-associated macrophages, blood and
lymphatic vessels in clear cell renal cell carcinoma

Figures 1 and 2 show representative image analysis results
from tumor tissue sections with immunostained macro-
phages (CD68), blood vessels (CD34), and lymphatic
vessels (LYVEL). Prior to image analysis, all immunohis-
tochemically stained and scanned sections were validated
by one pathologist (HM). Examples for separating tumor
from nontumorous areas are shown in Supplementary Fig-
ure 3. Using the Definiens Tissue Studio and the Developer
XD software platform for image analysis, tumor areas,
single-tumor infiltrating lymphocyte objects, single objects
of tumor-associated macrophages and single vessel objects
were detected, segmented and classified in a fully auto-
mated way. Tumor from nontumor tissue areas were sepa-
rated as defined and the areas were calculated in pixels. The
number of the tumor infiltrating lymphocytes, tumor-
associated macrophages, blood and lymphatic vessels in
the corresponding tumor areas were counted. The image
analysis results were automatically exported in CSV tables
for further statistical analysis. The purpose of this analysis

magnifications of the same selected tissue area (Bl and B2) after
detection, segmentation, and classification of CD68-positive macro-
phages (brown)

was to calculate the stratification power of the image ana-
lysis results related to the clinical parameter “overall sur-
vival” of the patients. For these purposes the densities of
tumor infiltrating lymphocytes, tumor-associated macro-
phages and vessels in the tumor areas were calculated.
These densities were calculated as the number of counted
objects divided by the corresponding tumor area. The cor-
responding tumor areas were calculated in pixels.

As shown in Table 1, cut-offs of population densities
were calculated using ROC-analysis. The Supplementary
Figure 2 shows representative examples for the cut-off
calculations based on the ROC analysis. The calculated cut-
offs allowed the separation of the entire patient group into
two subgroups (see Table 1). One subgroup consisted of
those patients shown high and the other subgroup consisted
of those patients shown low-population densities of tumor
infiltrating lymphocytes, tumor-associated macrophages,
blood and lymphatic vessels. The calculated median values
of object densities for each of these subgroups and the
number of analyzed patient cases are shown in Table 1, too.

In a next step the calculated cut-offs and the corresponding
object densities, were used to quantify the “power” of image
analysis results for patient stratification. For this purpose the
object population densities were used as parameters for the
stratification of the patients related to the clinical parameter
“Overall Survival”. Kaplan Meier curves, the corresponding
p values and hazard ratios were calculated for tumor infil-
trating lymphocytes, tumor-associated macrophages, blood
and lymphatic vessel population densities.
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Fig. 2 Consecutive tissue section of the same clear cell renal cell
carcinoma tissue shown in Fig. 1 immunohistochemically stained
against CD34 expressing blood vessels (a). Detected, segmented, and
classified blood vessels (b). Tissue section of another clear cell renal
cell carcinoma with immunohistochemically stained lymphatic vessels
(LYVE]D) (c). Magnified tissue areas with stained (Al and A2) and

As shown in in Table 2 and Fig. 3, statistical significance
and high hazard ratios for poor clinical outcome were
associated with low-T cell (CD3 and CDS), high-B cell
(CD20), and high-macrophage (CD68) population densities.
Patients with high-blood vessel (CD34) density in the
tumors had a significantly better outcome and, conversely,
patients with high-lymphatic vessel density in the tumors
had a significantly impaired outcome. This finding held true
for both intratumoral lymphatic vessels and intra-/extra-
tumoral lymphatic vessels. As expected, almost all D2—-40
and LYVEl-positive vessels were negative for CD34 and
most CD34-positive vessels were negative for D2—40 and
LYVEL

SPRINGER NATURE

marked blood vessels after detection, segmentation, and classification.
Magnified areas of stained (C1 and C2) and marked lymphatic vessels
(C3 and C4). Intratumoral lymphatic vessels are marked in yellow,
lymphatic vessels detected in the tumor microenvironment are marked
in red

Assigning IPs to pathological parameters using
radar plots

As shown in Fig. 4, radar plots were calculated using the
median values of the calculated object densities. These plots
visualize the “quantified patient local tumor-related immune
profile-IP” related to prominent clinical parameters like
those for OS (alive and dead) and for tumor grade. All
density values were normalized to the maximal value 1. As
shown in Fig. 4a there was a positive correlation between
the presence of high-blood vessel density and better out-
come. It is obvious that the “simple visual inspection” of the
radar plots show that, patients with longer survival and low
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Table 1 Median values of population densities in clear cell renal cell carcinoma and number of tumors with low and high densities of tumor
infiltrating lymphocytes, tumor-associated macrophages, blood and lymphatic vessels

CD3 CD8 CD20 CD68 CD34 D2-40 LYVE1
Cut-off population density 0.005006552 0.004607 0.0043022 0.006259 0.08973 0.000043553 0.000907856
Median population density 0.005063 0.004946 0.003714 0.006259 0.1438 0.0001129 0.001135
Median tumors with low density ~ 0.00422 0.00404 0.00357 0.00539 0.0640 0.0000259 0.000445
Median tumors with high density ~ 0.00565 0.00562 0.00432 0.00772 0.154 0.000152 0.00435
Number of analyzable cases 51 47 48 51 49 45 37

Population densities of T-cells (CD3 and CD8), B-cells (CD20), macrophages (CD68), lymphatic vessels (D2—40 and LYVE1) were calculated
using object numbers. Population densities of blood vessels (CD34) were determined by area

grade tumors showed different IPs as those patients with
short survival and high-grade tumors (Fig. 4b). According
to these results, we suggest that the use of radar plots
represent a potential supportive diagnostic tool for cancer
immunotherapy.

Discussion

In this study, an automated image analysis system with
standardization and fully reproducible quantification of
immune contexture features was able to identify immune
cell and vessel characteristics as part of a complex eco-
system in renal cancer. Presence of tiny intratumoral lym-
phatic vessels and increased macrophage number in the
primary tumor were associated with poor patient outcome.

We demonstrated that high densities of T-cells in renal
cancer are associated with better outcome, whereas a high
density of B-cells has a negative impact on survival. The
effect that the density of T-cells correlates with better
prognosis in renal cancer is an important result that deserves
further analysis.

Histologically, tumors can be categorized as inflamed or
noninflamed [26, 39]. Inflamed (“hot”) tumors are char-
acterized by the presence of tumor infiltrating lymphocytes
with a high density of CD8-positive T-cells and the pre-
sence of a pre-existing antitumor immune response. Non-
inflamed (“cold”) tumors are immunologically “ignorant”
and are usually poorly infiltrated by lymphocytes (“deser-
ted”) or lymphocytes still remain outside the tumor tissue
(“excluded”) and therefore prevented or incapable to engage
with cancer cells.

The fact that functional populations of immune cells
have different effects in different cancer types suggests that
the role of the immune cell population in tumor control
varies between cancer types. Correlations between the
levels of immune cell infiltration and outcome in RCC are
controversial. The density of CD8-positive T-cells corre-
lated with poor prognosis in RCC, except when these cells
are proliferating [22]. A strong lymphocytic infiltration has
also been reported to be associated with better clinical

outcome of clear cell renal cell carcinoma patients, as well
as in patients with bladder cancer, breast cancer, and other
tumors [40]. Future imaging studies should therefore not
only quantify tumor infiltrating lymphocytes, but also
characterize different functional populations of immune
cells in clear cell renal cell carcinoma [24, 41-44].

More importantly, we demonstrate in tissue sections that
increased density of tumor-associated macrophages is
associated with poor clinical outcome. Tumor-associated
macrophage phenotypes are heterogeneous among tumors
and recent reports distinguish between antitumor M1 and
protumor M2 subtypes. The presence of M2 macrophages
favors tumor growth and spreading [45-47]. A previous
study identified 17 tumor-associated macrophage pheno-
types as well as 22 different T-cell phenotypes [24] in clear
cell renal cell carcinoma. These distinct immune composi-
tions correlated with survival of renal cancer patients. To
further understand the functional diversity of tumor-
associated macrophage phenotypes, the relationship with
other immune cell populations needs to be investigated.

Our analysis revealed that induction of intratumoral
lymphangiogenesis is a major biomarker for poor prognosis
in clear cell renal cell carcinoma. Whereas microvascular
density has been frequently examined in RCC, formation of
intratumoral lymphangiogenesis has received little attention
in the past. Vascular vessels are mainly analyzed and
quantified by immunostaining using anti-CD34 antibodies
[18]. However, it is important to note that RCC vascularity
assessed by CD34 staining also includes lymphatic vessels.
Recent studies have shown that about 50% of tumor-
associated lymphatic vessels are also CD34-positive [48].
Antibodies that specifically recognize human podoplanin
(D2-40) and the lymphatic vessel endothelia receptor 1
(LYVEL]) can be used to differentiate lymphatic vessels
from vascular vessels in paraffin-embedded sections
[49-54]. The combination of image analysis and immuno-
histochemical allowed us to identify tiny D2-40- and
LYVEI-positive lymphatic vessels in the intratumoral and
peritumoral areas of RCC. The clinical significance of
peritumoral lymphatic vessels and intratumoral lymphatic
vessels as parameters of lymphangiogenesis is
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Table 2 Results after receiver

operating characteristic (ROC) Cut-off Poor outcome  Hazard ratio (95% CI) 95% CI p Value

and survival analysis for the CD3 density 0.005006552  Low 3.4957 1.2210-10.0079  0.0144

population densities of T-, B- )

cells, tumor-associated CD8 density 0.00460718 Low 2.6867 0.8271-8.7279 0.0528

macrophages, blood and CD20 density 0.004302238  High 2.7374 0.6768-11.0722  0.0630

lymphatic vessels CD68 density 0.006259409  High 3.6307 1.3067-10.0881  0.0172
CD34 density 0.089737708 Low 3.7110 0.6289-21.8975  0.0153
D2-40 density 0.000043553  High 5.0302 1.5644-16.1742  0.0819
LYVEI1 density 0.000907856  High 4.2281 1.6206-11.0313  0.0057

Density calculations were done based on the number of single T-, B-cells, tumor-associated macrophages,
and lymphatic vessels. The density for blood vessels was determined by the covered area

controversial. In different tumors, poor survival in patients
with presence of intratumoral lymphatic vessels has been
reported [49, 50, 55, 56]. Our results are consistent with
such findings in other tumors and suggest that intratumoral
lymphangiogenesis is probably a major route by which
renal cancer metastasize [21]. We used tissue from the
tumor/nontumor tissue border for our analysis, because the
highest number of tumor infiltrating lymphocytes is usually
observed at the invasive margin of a tumor. Combined
measurement of intratumoral and peritumoral lymphatic
vessels increased the prognostic impact of lymphatic ves-
sels, suggesting that interaction of tumor infiltrating lym-
phocytes and lymphatic vessels in this tumor compartment
is relevant for tumor progression.

The stimulus for lymphangiogenesis can be triggered by
tumor-related and/or inflammatory-related processes [21].
Clear cell renal cell carcinoma as well as macrophages can
produce growth factors, such as vascular endothelial growth
factor C (VEGF-C) [57, 58], known to induce lym-
phangiogenesis. In his seminal study, Bonsib [57] has
demonstrated the presence of small clusters of newly
formed lymphatics within inflamed renal sinus outside a
pseudocapsule and at the invasive front, but not within the
tumor. Although Bonsib has observed intralymphatic tumor
cells in peritumoral lymphatics of clear cell renal cell car-
cinoma, lymphatic spread to locoregional lymph nodes is
rare in this tumor subtype [59]. It is more common in
papillary and translocation renal cell carcinoma [60, 61].

Whereas intratumoral MVD of the primary clear cell
renal cell carcinoma is associated with good prognosis, it
has been shown that extrarenal renal sinus vein involvement
is the most important route for hematogeneous metastasis in
clear cell renal cell carcinoma [62]. Therefore, renal sinus
vein involvement conveys adverse prognostic importance.
In our study, we observed newly formed intratumoral and
peritumoral lymphatic vessels, which indicate poor patient
prognosis. This finding is difficult to explain in light of the
knowledge that clear cell renal cell carcinoma primarily
shows hematogeneous metastasis [47]. Bonsib has hypo-
thesized that the impact of intralymphatic tumor cells to
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predict poor prognosis could relate to hematogeneous
spread rather than lymphatic spread if lymphatic vessels
sprouted from the venous system in the peritumoral area,
which is much more frequently involved by tumor [57]. The
concept of newly formed lymphatics sprouting from venous
vessels is debated, but there are other current concepts
which could explain the prognostic impact of newly formed
lymphatic vessels in clear cell renal cell carcinoma: (i) it has
been shown that tumor-associated lymphatic vessels speci-
fically inhibit tumor-exiting, antigen-experienced T-cells.
Dieterich et al. [63] demonstrated that primary tumor-
associated lymphatic vessels express the T-cell inhibitory
protein PD-L1, which may be involved in the inhibition of
tumor-emigrating T-cells. (ii) Stem-like tumor cells have
also been found to reside in the vicinity of lymphatic ves-
sels, suggesting that there is a “lymphovascular” stem cell
niche [58]. (iii) Recently, Qiaoli et al. have elegantly shown
in melanoma that tumor lymphangiogenesis occurs also in
established metastases of distant organs. This unexpected
contribution of lymphatics in distant organs could
promote further metastatic spread of those metastases to
other organs [64].

Tumor infiltrating lymphocytes, tumor-associated mac-
rophages, and intratumoral lymphatics have potential
prognostic significance in different tumors [49, 50, 55, 65]
and represent potential treatment targets [66]. The semi-
quantification of tumor infiltrating lymphocytes and intra-
tumoral vessels in renal cancer suffers from poor
reproducibility and inter- and intra-observer variability. In
keeping with this, a series of our semiquantified tumors with
low- and high-inflammatory infiltrates correlated with low
and high CD3, CDS, and CD20 cell population density by
image analysis. However, rather discrepant results were
particularly obtained from tumors with moderate lympho-
cyte density (data not shown) suggesting the microscopic
evaluation of intermediate lymphocyte infiltrates is rather
subjective as the total number of single lymphocytes present
in tumors may often be underestimated. Image analysis
offers the standardization and the fully reproducible quan-
tification of such features. Especially the small intratumoral
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Fig. 3 Kaplan Meier plots for CD3, CD8, CD20, CD68, CD34,
D2-40, and LYVE1 population densities based on the number of
single cells or area (CD34). Poor clinical outcome is related to low-T
cell, high-B cell, high tumor-associated macrophages, low-blood

lymphatic vessels may proof particularly obscure under
classical HE stained tissue. Intratumoral vessels and their
relationship to tumor infiltrating lymphocytes and tumor-
associated macrophages can be quantified with our image
analysis algorithm making it amenable to most clinical
laboratories. This translational impact would rely on the
wide adoption of digital pathology in clinical routine, which
is possible in the near future. Targeted treatments such as
TKI and novel checkpoint immune therapies should be
guided by standardized and robust biomarkers. We
demonstrate the value of an imaging approach using clear
cell renal cell carcinoma as an example. Our study further
suggests a link between a tumor-associated macrophage
phenotype, a specific composition of tumor infiltrating
lymphocytes and an angiogenic switch from a high-MVD of
vascular vessels to expansion of lymphatic vessel in primary
tumors that is associated with poor outcome.

In the future, the development of imaging analysis tools
in the context of Tissue Phenomics for standardized mea-

surement of lymphocyte infiltration, macrophage

vessel, and high-lymphatic vessel population densities. LYVEI a
intratumoral lymphatic vessels; LYVE] b intra- and extratumoral
lymphatic vessels combined

quantification and vessel analysis may allow a more precise
measurement of the immune contexture in renal cell cancer.
These factors need also to be taken into consideration while
interpreting contextual data from tissues derived from
metastases after treatment with anti-angiogenic therapy or
checkpoint inhibitors. The comprehensive analysis of the
interactions between three complex systems—the tumor
cells, the immune response and the tissue microenvironment
with blood and lymphatic vessels requires the use of sys-
tems biology approaches to integrate tumor cell associated,
immune cell associated and microenvironment-associated
parameters with clinical data.

In summary, virtual multiplexing combined with multi-
modal stain will enable the quantification of spatial relations
of all positively stained objects from consecutive WSI and
will provide additional value of the immune contexture
quantification for renal cancer. This approach will allow
developing a scheme of the dynamic actions of tumor cells
with the immune system in the future and thus can help to
stratify patients for effective treatment options.
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