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ABSTRACT

The fundamental role of vascular supply in tumor growth makes the evaluation of the angiogenesis crucial in assessing
effect of anti-angiogenic therapies. Since many years, such therapies are designed to inhibit the vascular endothelial growth
factor (VEGF). To contribute to the assessment of anti-angiogenic agent (Pazopanib) effect on vascular and cellular
structures, we acquired data from tumors extracted from a murine tumor model using Multi-Fluorescence Scanning. In this
paper, we implemented an unsupervised algorithm combining the Watershed segmentation and Markov Random Field
model (MRF). This algorithm allowed us to quantify the proportion of apoptotic endothelial cells and to generate maps
according to cell density. Stronger association between apoptosis and endothelial cells was revealed in the tumors receiving
anti-angiogenic therapy (n = 4) as compared to those receiving placebo (n = 4). The percentage of apoptotic cells on tumor
area is mostly endothelial. Lower density cells were detected in tumor slices presenting higher apoptotic endothelial areas.
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1. INTRODUCTION

The growth of tumors is strongly related to neovascularization via angiogenic process. During this process, tumor cells
secrete growth factors that activate the proliferation and migration of endothelial cells and allow capillary morphogenesis.
Hypoxic tumor regions remain despite this neovascularization. Hypoxic zones continue to stimulate overproduction of
vascular endothelial growth factor, VEGF" 2.

Anti-angiogenic therapies have been developed to block pro-angiogenic factor such as VEGF®> * °. Pazopanib is an oral
angiogenesis inhibitor targeting vascular endothelial growth factor receptor (VEGF-R) * ©. In Metastatic Renal Cell
Carcinoma (mRcc), single agent Pazopanib compared with placebo was shown to extend Progression Free Survival (PFS) in
Sternberg and collaborator’s work® °.

However, VEGF inhibition is not effective in all cancer®. Therefore, we need more understanding on how the neo-
angiogenic vasculature can be effectively targeted in tumors®.

In this paper, we collected Multi-Fluorescence whole-slide images in a tumor model under anti-angiogenic Pazopanib
therapy to develop and test techniques quantitatively assess the cell density, apoptosis and endothelial cells. Watershed
segmentation was applied to evaluate the number of cells throughout the tumor sections. Stochastic image processing
methods were used because of undefined structure of blood vessels and apoptotic cells in the image of our database.

Quantitative evaluation of tumor structures with histopathological precision across the full tumor cross section may
ultimately contribute to the identification of architectural features that are often associated or predictive of therapeutic
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response®. Data can also serve as valuable reference information as noninvasive imaging techniques are developed to probe
the tumor environment during screening and therapy.

Several recent studies have shown the interest of fluorescent microscopy imaging segmentation " 2. This kind of imaging
can be an important tool which allows better reproducibility than non-fluorescent immunostaining.

2. DATA

2.1 Cell culture and tumor model

Murine colorectal tumor cells, CT26 (American Type Culture Collection, Virginia) were cultured in a specific medium.
Two thousand tumor cells in 100 pL of 2.10° cells/ml were then injected subcutaneously on the left flanks of 3 Balb /c mice
to generate first generation tumors: G1. 16 days after cell implantation, we consider that tumors are large enough to be used
to make second generation tumors: G2. Therefore, tumors were removed after euthanasia of the mice. Excised tumors were
dissected into 20-40 mm?® fragments which were then implanted in the left flanks of eight other Balb /c mice (n=8) via a
small incision that was closed with one or two sutures. The date of fragment implantation is referred to as day zero (DO).

We underline the need to make G2 tumors because there are more reproducible.

Thereafter, ultrasound imaging was performed every 2 to 3 days to evaluate the tumor size evolution. On Day 7, four mice,
AAlL, AA2, AA3 and AA4 were treated by gavage with anti-angiogenic drug, Pazopanib, repeated day by day (2 mg diluted
in 100 pL VOTRIENT®). Mice labeled P1, P2, P3 and P4, received placebo by the same route and administration schedule.
On Day 18, all mice were euthanized and tumors were removed carefully to conserve orientation relative to the anterior
surface (skin side) and the longitudinal axis. Tumors were prepared for cryoconservation and embedded in Optimum
Cutting Temperature gel (tissue-tek ® OCT, VWR, France).

Tumors were stored in a freezer at -80°C until labeling for immunohistochemistry. All immunohistochemistry marking was
performed on the same day for the entire sample set. Tumors were sectioned to obtain a central section along the
longitudinal tumor axis. Sections were 8 to 10 microns thick.

2.2 Immunohistochemistry labeling

Triple immunohistochemistry marking was performed on each of the 8 slices (1 slice per mouse). Triple labeling provides
marking of the neovascularization, apoptosis and total nuclei across the tumor surface such that the relative position of
structures can be evaluated. Isolectin B4-A488 was used to mark endothelial cell showing neovascularization area. Caspase
3 1gG antibodies followed by a second anti-lgG antibody TRITC were used to mark apoptosis. 4', 6-diamidino-2-
phénylindole (DAPI) was used to mark nuclei.

2.3 Automated multi-fluorescence scan imaging

After labeling tumor slices, digital pathology data was obtained using a 2D scanner, Zeiss Axioscan (Zeiss, France). It
allows faster acquisition more than any fluorescence microscopy. The scan is made field by field and assembled the high
resolution fields into a whole slice image. The system can record data for up to 3 separate labels by filtering for the
fluorophore of each marker. The RGB images obtained were recorded as CZI files and visualized using the image
processing software ZEN. Example slices are presented in figure 1. Different structures of the tumor can be visualized
separately.
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Figure 1: One field (1024*1024 pixels) of the whole slice Multi-Fluorescence Scan imaging of tumor slice of P1 mouse. (a) DAPI
channel representing nuclei in the field (b) Cyx channel representing apoptotic areas in the field (c) Cyc representing endothelial cells in
the field (Magnification level: 215%)

3. METHODOLOGY
3.1 Image processing

Quantification software was developed in house Matlab (version city) to evaluate number and density of structures based on
the fluorescent microscope data. However, CZI files are not a supported format in Matlab. Thus, files were exported in
Tagged Image Filed Format (TIFF) to preserve the best image quality possible. Our algorithm starts by obtaining 3 binary
masks of images for each of the 8 tumor sections. 8905 Regions of interests (ROIs) were extracted at 0.325 um/pixel
resolution and stored in Tiles TIFF files with tiles size (1024*1024 pixels). This tile size was fixed by our team biologist.
For each tumor’s slice, segmentation was performed on each tile (1024*1024) separately. To contribute to the assessment of
Pazopanib anti-angiogenic effect on vascular and cellular structures, quantification of the spatial distribution of nuclei cell,
apoptotic area and neovascularization apoptotic area (endothelial cell) was required. We aim to get 3 binary masks of every
tumor’s slice:

- Nuclei segmentation, apoptotic area segmentation and apoptotic neovascularization

For each tumor slice, trained biologist has manually annotated the ground truth on the tiles using Aperio Imagescope for
final evaluation.

3.2 Nuclei density maps:

In the literature ®'***, one usually use a threshold method to separate the background from pixels belonging to object of

interest. In our case, each n connected group of pixels tagged as nuclei is analyzed, and then watershed segmentation was
performed inside each component to split it into individual nuclei. Watershed segmentation method was applied to the blue
images describing the nuclei distribution. This method provided a binary mask of all nuclei in the tumor area as shown in
figure2. These segmentation tools are derivate from mathematical morphology. Watershed segmentation allows a partition
into multiple regions according to a topographic approach™.

Then, by calculating the number of nucleus on the mask in each (1024*1024) pixel tile, we obtained maps describing the
local density (nucleus number per tile/tile area) and distribution of nuclei. In fact, the local density per each tile zone on the
image was quantified on the mask following equation (1) and grouped into a matrix called the nuclei matrix.

NN,
ND — tile 1
tile TA ( )

tile



Where ND is the nuclei density per tile, NN is nuclei number through tile area and TA is tile area. Based on the cell
structure, maps of the density of nuclei were calculated across each whole slide image.

a

Figure 2: Watershed segmentation of DAPI imaging (a) DAPI image P1 mouse placebo (b) mask of nuclei through one tile tumor area

3.3 Apoptotic endothelial cell assessment:

The structure of endothelial cells and apoptotic regions are not well defined as shown in figurel (b) and (c), respectively. A
global threshold was not sufficient to separate these regions from the background as shown in figure 3(b). Especially, there
are fluorophore artifacts shown in figure3 (a) with dark green. Not all green area on the figure 3(a) represents endothelial
cells. We thus chose to apply a stochastic segmentation method to evaluate these features. We used Markov random field
model segmentation (MRFs) based on pixel intensity on mono-channel: green one for endothelial cells and red one for
apoptotic area. We considered segmentation as a pixel labeling task to obtain an endothelial cell binary mask and a binary
mask of apoptotic region throughout the tumor’s cross-section. We aimed to classifie pixels into two classes. For each
tumor’s slice, segmentation was performed on each tile (1024*1024) separately.

Figure 3: (a) endothelial cells in one tile (b) mask with threshold segmentation (c) mask with MRFs

Our goal is to segment each tile on 2 classes: background and endothelial cell. Our approach starts with a Gaussian Mixture
Model*® (GMM) which segments the images on 3 classes: endothelial cell class, background and transition class pixel then a
Markov Random Field (MRF) is applied to have the 2 classes. The third class represents uncertainty pixels between
endothelial cell and artifacts. The main difficulty is that the model and its parameters are not known and need to be
computed.

Our image Y is a set of intensity data Y = {ys} where S is the location of a pixel Y in the image and Y, its intensity.



Let us note X ={x} the segmented version of Y = {ys} where x e{l, 2., K} and K is the number of different regions.
The pixel intensity Yy, belongs to a region X,. Thanks to Bayes theorem shown in equation (2), P(Y)is constant
representing the probability of pixels intensity in the image. The conditional probability is then shown in equation (3).

PO XIP(X) ()

P(X|Y): PY)

P(X]Y)aP(Y|X)P(X) (3)

P(X) represents prior probability of one region X, and P(Y|X)is the conditional probability density function of

Y, given the image region X, .

3.4. The prior probability:

The prior probability is modeled by a Markov Random Field (MRF). Local neighborhood between pixels is taken into
account. For an s location of a pixel Y the conditional probability satisfy the following equation:

P(X, |Xg,s2R)=p(X;|X_,ReN,) @)

where N is a neighborhood of region s and r the neighbor region. Hamersley-Clifford theorem shows that the probability
of X is given by a Gibbs distribution as follows:

p(X)anp{—ZVC(X)} (5)

ceC

Asubset C Y is called a clique if every pair of pixels in this subset is neighbors. For each clique C in the image, we can
assign a value VC (X )which is the clique potential of C. This clique potential is defined by equation (6)

—7/C,Xs =X
VC(X)={ " e

Ve Otherwise

3.5. The conditional probability:

Here a Gaussian distribution P(Y |X) is defined by X =(m,, o) the mean and standard deviation respectively. The aim
is the estimate the unknown parameters that maximize the log-likelihood function shown by equation (7).

Xmx =argmax, { p(xeXl|yeY) } @)



To do so we use Iterated Conditional Modes (ICM) algorithm. 40 iterations were enough for ICM to reach stable
segmentation. The ICM requires an initial segmentation. K-mean method was applied to initialize the ICM.

Figure 4: (a) ground truth of apoptotic cells through tumor area (b) binary mask of apoptotic area given by MRF
segmentation (c) ground truth of endothelial cells through tumor area (d) binary mask of apoptotic area given by MRF
segmentation.
Apoptotic tumor area was calculated by multiplying the binary mask of total cells by the binary mask of Nuclei. Endothelial
apoptotic areas were calculated by multiplying the binary mask of endothelial cells by the mask of all apoptotic areas. One
all these results are obtained we generated our cartographies and we calculate the percentage of endothelial apoptotic cell.

Validation process:

The F-score is used to measure the segmentation accuracy of masks obtained from our method: the apoptotic areas mask
and the neovascularization mask. We consider a vascularization mask as true positive if it 50% area coincides with ground
truth; otherwise it is considered false positive. The difference between the numbers of ground truth objects and number of
truth positives is the number of false negative. Equation (6) defines F-score:

2 precision.recall
precision + recall

Flscore =

.. TP
Where precision = and recall =
P TP1FP TP+FN

TP, FP and FN denote respectively the number of true positives, false positives and false negatives from all tiles given by
the database.

4. RESULTS

The percentage of apoptotic endothelial cells on the whole slice tumor relative to the total number of apoptotic cells
exceeded 50% for all sections from the 4 mice treated with anti-angiogenic agent Pazopanib. Highest percentage (up to
70%) was observed in tumor sections from AAL. The percentage of apoptotic endothelial cells in whole slices from mice
receiving placebo did not exceed 40% as summarized in Figure 5. The percentage of apoptotic cells on tumor area is mostly
endothelial except one aberration value considering P2. Our finding supports Kadambi’s' work showing that blocking
vascular endothelial growth factor (VEGF) or its receptor (VEGFR?2) leads to apoptosis of endothelial cells.
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Figure 5: Percentage of apoptotic endothelial cells relative to the total apoptotic cells between placebos mice and mice
treated by Pazopanib. P1, P2, P3 and P4 are mice receiving placebo. AA1l, AA2, AA3 and AA4 are mice receiving
pazopanib.

Maps of the density of nuclei cells were calculated across each whole slide image. Overall, the density values were higher
for placebo mice as compared to mice receiving Pazopanib (figure 6). Regional variability of the cell density can also be
observed on these maps. The lowest density cells (blue color on the map) were detected in tumor slices presenting the
highest apoptotic endothelial areas (yellow color on the map).

Because of the few number of our database (8 mice), we cannot conclude about a correlation between the apoptotic
neovascularization and the nuclei density. Thus, we highlight the importance of working on more slices. However, our
result shows a specific relationship between apoptotic neovascularization and nucleus density in murine tumor treated by
Pazopanib anti-angiogenic.
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Figure 36 : Maps of cell density are displayed for a whole slice segment of from each mouse. The maps
labeled P are from mice receiving placebo and those labeled AA from mice receiving anti-angiogenic agent.



Results demonstrated that antiangiogenic therapy with Pazopanib generates apoptosis that is strongly associated with
endothelial cells. Mapping of nuclei using a watershed segmentation method to separate different DAPI labeled cells on the
tumor surface with an unsupervised method allowed us to establish homogeneous regions of cell density. Ultimately, this
work will contribute to provide a high-resolution and full slide assessment of tumor modifications that can serve as
reference measurements when validating non-invasive imaging techniques. Evaluation of our algorithm is shown in tablel.

precision error recall error2  accuracy error3 F-score errord
P1 0.65 0.001 0.71 0.003 0.74 0.001 0.67 0.001
P2 0.71 0.003 0.72 0.001 0.69 0.003 0.71 0.002
P3 0.71 0.002 0.68 0.001 0.65 0.001 0.69 0.001
P4 0.69 0.001 0.72 0.002 0.73 0.002 0.70 0.002
AAl 0.68 0.002 0.69 0.003 0.71 0.001 0.67 0.001
AA2 0.71 0.001 0.72 0.001 0.70 0.001 0.71 0.001
AA3 0.66 0.001 0.71 0.001 0.69 0.002 0.67 0.001
AA4 0.77 0.002 0.65 0.003 0.65 0.002 0.70 0.003

4. CONCLUSION

An experimental protocol as quantitative techniques were developed and applied to assess nuclei, apoptosis and endothelial
cell distribution across whole-slice histological sections of tumors. Noninvasive imaging techniques were developed to
probe the tumor environment during screening and therapy. We proposed watershed segmentation for the nuclei density
quantification. GMM and MFR model was applied to resolve the endothelial cell and apoptotic areas segmentation
problem.

During this work we faced two challenges. First, because the Zeiss scanner does not provide information about the Z
dimension, thick or folded regions of tumor sections were not fully interpretable. To minimize folding, sections were cut as
thinly and carefully as possible. Secondly, tears in the sections occurred in some cases. The need to work with thin sections
exacerbated the risk of tearing. The level of bias in quantification resulting from tears and folds remains to be assessed in
future work but this bias is not anticipated to be very strong based on the relatively limited surface area involved with such
artifacts in our sections.

For individual patients, optimization of dose and schedule in anti-angiogenic therapies remains a challenge. Specific
phenotypic changes to be quantified during anti-angiogenic therapy are needed. Biopsies can provide us this information
however they are difficult to obtain. New imaging technology such as fluorescence imaging can serve as reference
measurements as non-invasive and reproducible imaging techniques.
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