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Glossary

5�FU 5��uorouracil
ACTA2 aorta smooth muscle actin-alpha 2
AKT v-akt murine thymoma viral oncogene homolog
ANGPT angiopoietin
ASCO American Society of Clinical Oncologists
ASR age-standardized rate
AUC area under the curve
BELAC Belgian Accreditation Organization
BMP Windows Bitmap
CA9 carbonic anhydrase IX
CAP College of American Pathologists
CCD charge-coupled device
CD cluster of di�erentiation
CLIA Clinical Laboratory Improvement Amendments
CRC colorectal cancer
CV coe�cient of variation
CXCL chemokine (C-X-C motif) ligand
CXCR4 chemokine (C-X-C motif) receptor 4
DAB 3,3'-diaminobenzidine
EFNB2 ephrin-B2
EGFL7 EGF-like-domain 7
EGFR epidermal growth factor receptor
EMA European Medicines Agency
ENG endoglin
EPH EPH receptor
ER estrogen receptor
F8 coagulation factor VIII
FDA Food and Drug Administration
FFPE formalin-�xed, para�n-embedded
FGF �broblast growth factor ,
FOLFIRI folinic acid, �uorouracil (bolus injection followed by intravenous

infusion) and irinotecan
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FOLFOX folinic acid, �uorouracil (bolus injection followed by intravenous
infusion) and oxaliplatin

GAL1 soluble galactoside-binding lectin 1
GBM glioblastoma multiforme
HER2 human epidermal growth factor receptor 2
HIF hypoxia inducible factor
HR hazard ratio
HSD honestly signi�cant di�erence
HSPB1 heat shock protein family B (small) member 1
ICC intra-class correlation coe�cient
IFL irinotecan, �uorouracil (bolus injection) and leucovorin
IHC immunohistochemistry
IL10 interleukin 10
IRA intensity relative area
JPEG Joint Photographic Experts Group
Ki67 marker of proliferation identi�ed by monoclonal antibody Ki-67 (Kiel, Ger-

many; well 67)
KRAS Kirsten rat sarcoma viral oncogene homolog
LI labeling index
MAP1LC3 microtubule-associated protein 1 light chain 3
MAPK mitogen-activated protein kinase
mCRC metastatic CRC
MHCI major histocompatibility complex class I
MMP matrix metalloproteinase
MMR mismatch repair
MSI microsattelite instability
NA numerical aperture
NRP1 neuropilin 1
NSCLC non-small cell lung cancer
OC ovarian carcinoma
ORR overall response rate
OS overall survival
pAKT phosphorylated v-akt murine thymoma viral oncogene
PD1 programmed cell death 1
PDGF platelet-derived growth factor
PDGFRB platelet-derived growth factor receptor-beta
PDL1 programmed death-ligand 1
PFS progression-free survival
PGF placental growth factor
PR progesterone receptor
pS6 ribosomal protein S6 kinase
PTEN phosphatase and tensin homolog
QC quality control
RCC renal cell carcinoma

II



RCT randomized clinical trial
ROI region of interest
RT room temperature
SNP single nucleotide polymorphism
SURS systematic uniform random sampling
TAM tumor-associated macrophage
TEK endothelial tyrosine kinase
THBS1 thrombospondin 1
TIE tyrosine kinases with immunoglobulin-like and EGF-like domains
TIMP3 tissue inhibitor of metallopeptidases 3
TP53 tumor protein p53
TYMS thymidylate synthetase
VEGF vascular endothelial growth factor
VEGFR vascular endothelial growth factor receptor
VHL von Hippel-Lindau tumor suppressor
VWF von Willebrand factor
WSI whole-slide image
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CHAPTER 1

Predictive tissue biomarkers for response to

metastatic colorectal cancer therapy with

bevacizumab

Adapted from:

� Marien K. M., Croons V., Martinet W., De Loof H., Ung C., Waelput W.,

Scherer S. J., Kockx M. M., De Meyer G. R. Predictive tissue biomarkers

for bevacizumab-containing therapy in metastatic colorectal cancer: an update.

Expert review of molecular diagnostics. 2015. 15 (3): pp. 399�414.
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Colorectal cancer (CRC) is the third most common cancer in men (746 000

cases, 10% of the total) and the second in women (614 000 cases, 9% of the

total) worldwide [2]. For Western Europe, the mortality (age-standardized rate

(ASR) of 13 per 100 000 for men, 8 for women) is considerably lower than the

incidence (ASR of 39 per 100 000 for men, 25 for women). Angiogenesis is one

of the hallmarks of cancer [3, 4]. Once, stopping tumor angiogenesis with anti-

angiogenic therapy was thought to be the ultimate treatment of cancer. This

quote from Kerbel et al. illustrates this early optimism:

�Like anti-cancer signal transduction inhibitor drugs, anti-angiogenic

drugs are the recent outcome of the fruits of a prolonged period of

basic research, mostly undertaken over the last 20 years. Both are

hopefully about to make a signi�cant impact in clinical oncology, if

Herceptin® serves as a reliable guide.� [5]

Various synthetic anti-angiogenic agents with di�erent mechanisms of action

have been developed, including a monoclonal antibody exclusively directed against

VEGFA, bevacizumab (Avastin®). Bevacizumab is the �rst anti-angiogenic ther-

apy approved by the FDA and the EMA in 2004 for the treatment of metastatic

CRC (mCRC). They based their decision on the work of Hurwitz and colleagues

(Figure 1.1) [6]. However, not all patients responded and work was started to

build a predictive biomarker. They include circulating cytokines, tissue factors,

genetic markers and functional imaging. At the start of this PhD, no detailed

overview was available on tissue biomarker studies which employed immunohis-

tochemistry (IHC). Therefore, the value of predictive biomarkers for one speci�c

cancer type and anti-angiogenic therapy was not available. In this chapter, we

review the literature on predictive tissue biomarkers in mCRC for response to

therapy with bevacizumab.
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Figure 1.1: Kaplan-Meier estimates of survival in treated patients with metastatic colorectal cancer [6]. Left: The median duration of overall survival (dotted
lines) was 20.3 months in the group given irinotecan, �uorouracil and leucovorin (IFL) plus bevacizumab, as compared with 15.6 months in the group given IFL plus
placebo, corresponding to a hazard ratio (HR) for death of 0.66 (p < 0.001). Right: The median duration of progression-free survival (dotted lines) was 10.6 months in
the group given IFL plus bevacizumab, as compared with 6.2 months in the group given IFL plus placebo, corresponding to a HR for progression of 0.54 (p < 0.001).
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1.1 Introduction

CRC is a malignant epithelial tumor originating from the large bowel and rep-

resents about 10% of all new cancers [7, 8]. Five-year survival rates of more

than 90% are observed for localized CRC (stage I) but this number is reduced

to about 10% for mCRC (stage IV) [9]. Tumor angiogenesis represents one of

the targets for treatment of mCRC [10]. It is a complex process encompassing

tumor factors, cytokines derived from the extracellular matrix and host factors

that ultimately result in the growth of new blood vessels from the pre-existing

vasculature [10]. As the e�cient di�usion of oxygen to mammalian cells is lim-

ited to approximately 100 μm, angiogenesis is indispensable for normal animal

growth and development [10]. In the same way, the expansion of a tumor beyond

a volume of around 1 � 2 mm3 is possible only if the neoplastic cells start to

secrete several proangiogenic factors that stimulate endothelial cell division and

migration [10]. Intratumoral hypoxia is sensed by hypoxia inducible factor and

the von Hippel-Lindau tumor suppressor (VHL) gene pathway [10]. In addition,

mutated or highly expressed oncogenes also increase the expression of angiogenic

factors by tumor cells [10]. Accordingly, the angiogenic balance is altered, and

the release of pro-angiogenic molecules exceeds that of anti-angiogenic ones, trig-

gering the so-called 'angiogenic switch' [10]. These angiogenic proteins include

the vascular endothelial growth factor (VEGF), the platelet-derived growth fac-

tor (PDGF), the �broblast growth factor (FGF) and the angiopoietin (ANGPT)

family of ligands [10]. These ligands interact extracellularly with their respective

receptors VEGFR, PDGFR, FGFR and tyrosine kinases with immunoglobulin-like

and EGF-like domains (TIE) receptors. This causes receptor dimerization, phos-

phorylation and activation of downstream pathways that will lead to endothe-

lial cell proliferation, di�erentiation and migration, as well as altered capillary
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permeability [10]. Various synthetic anti-angiogenic agents with di�erent mech-

anisms of action have been developed, including monoclonal antibodies exclu-

sively directed against VEGFA (e.g., bevacizumab), against multiple factors (e.g.,

ziv-a�ibercept) or against VEGF receptors (e.g., ramucirumab). Besides mon-

oclonal antibodies, small molecule inhibitors (axitinib, pazopanib, regorafenib,

sorafenib, sunitinib and vandetanib) target multiple receptors (Table 1.1) [11].

Bevacizumab (Avastin®, Genentech Inc., San Francisco, CA, USA) binds only

VEGFA and neutralizes all human VEGFA isoforms and bioactive proteolytic

fragments [12]. Anti-angiogenic compounds are able to block the formation of

new blood vessels, reduce vascular permeability, promote capillary regression,

stimulate vascular normalization and restore dendritic cell function [10]. In ad-

dition, the inhibition of tumor angiogenesis may also increase the e�cacy of

chemotherapy, either by decreasing the elevated interstitial pressure in tumors

and improving the delivery of cytotoxic agents [10] or by enhancing the sensitivity

of tumor endothelial cells to the e�ects of anti-neoplastic therapy [10]. FOLFIRI

can be chosen as the irinotecan-based chemotherapy regimen to be combined

with bevacizumab for previously untreated patients with mCRC [10]. The reg-

imen includes irinotecan plus folinic acid and a bolus of 5��uorouracil (5�FU)

followed by 5�FU infusion. The combination of oxaliplatin-based regimens (FOL-

FOX) and bevacizumab has also been evaluated in both �rst- and second-line

treatment of mCRC [10]. The addition of bevacizumab to chemotherapy results

in a signi�cant improvement in survival and response, although at the expense of

increased toxicity [6, 10, 13]. A common side e�ect of the treatment is hyperten-

sion, but this is considered manageable [10]. The response to an anti-angiogenic

treatment regimen varies signi�cantly as a consequence of the multiplicity of

angiogenic mechanisms and the intrinsic heterogeneity of tumor biology [14�19].

In addition, bevacizumab comes with an enormous price tag: the drug costs

6



more than $50 000 per year [20]. Add to this the cost of intravenous adminis-

tration, coadministration with a chemotherapy partner, and routine monitoring

and the price tag easily exceeds $100 000 per patient per year. As such, the

ability of a biomarker to predict e�cacy of a therapeutic combination is clearly

of the utmost importance [21]. A number of potentially predictive biomarkers

for anti-angiogenesis therapies have emerged from pre-clinical and Phase I-III

studies (Figure 1.2, Table 1.2 and Table 1.3) [21�24]. They include circulating

cytokines, tissue factors, genetic markers and functional imaging. However, the

predictive value of any given biomarker for bevacizumab is not straightforward

to measure. For example, di�erent end points are used in clinical trials (Table

1.2 and Table 1.3). Markers predicting tumor shrinkage are not the same as

those predicting tumor growth and survival is probably a mixture of both [25].

The focus of this review will be on candidate predictive protein biomarkers for

response to therapy with bevacizumab in mCRC, expressed in tumor tissue and

detectable by IHC. We subdivide candidate biomarkers into four groups based

on their function in tumor angiogenesis and their relationship with the working

mechanism of bevacizumab. Finally, we provide an overview of the pre-clinical

and clinical study results of each subgroup and also of their response to therapy

with bevacizumab.

1.2 Group I: VEGFA�signaling proteins

VEGFA is part of the primary angiogenic pathway in tumors and has many

isoforms and receptors. Tumor cells secrete VEGFA, which interacts with the

receptors of nearby endothelial cells, resulting in an angiogenic response toward

the tumor cells. Because bevacizumab binds VEGFA, it is expected that expres-

sion of the latter in the tumor is needed for e�ective treatment. Furthermore,

endogenic VEGFA-binding proteins imitate the action of bevacizumab (i.e., by
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capturing VEGFA). In e�ect, these proteins deplete the tumor environment of

VEGFA. Overexpression of these endogenous proteins may train the tumor to

survive the VEGFA deprivation by switching to a hypoxic pathway, in e�ect cre-

ating resistance to therapy with bevacizumab. As a result, clones of di�erent

cell populations (e.g., tumor cells, immune cells) that do not rely on VEGFA-

signaling can be selected by evolutionary pressure and become the dominant

tumor clone, driving further growth and spread.

1.2.1 Vascular endothelial growth factor A (VEGFA)

Tumor cells and tumor-associated stroma secrete a variety of pro-angiogenic

factors that activate endothelial cells in nearby blood vessels, of which VEGFA

(Figure 1.3 E,F) is the most prominent [26]. A para- or autocrine VEGFA loop

that a�ects tumor cells is most likely non-existent [27]. Because bevacizumab

binds directly to VEGFA, a correlation between VEGFA tumor expression lev-

els and response is a plausible hypothesis. However, despite the logic of this

hypothesis and its dominant role in the angiogenic cascade, the predictive or

prognostic potential of VEGFA as a biomarker remains controversial [28]. Pre-

sumably, a host of factors like clinico-pathological di�erences between cohorts,

methodological diversity, and the di�erences between primary tumor tissue and

metastatic lesions introduce such variations. The location of the metastasis also

seems relevant. Moreover, two anti-angiogenic isoforms of VEGFA have been

identi�ed [29, 30]. It is plausible that the IHC antibodies against VEGFA detect

both the angiogenic and the anti-angiogenic isoforms. Finally, as described previ-

ously, up-regulation of pro-angiogenic factors is a common mechanism by which

tumors escape angiogenesis inhibition; thus explaining resistance to therapies

with bevacizumab.
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Figure 1.2: Overview of the potential predictive biomarkers for bevacizumab studied in human tissue. The di�erent tissue compartments harbor di�erent markers
showing the relevance of scoring methodology: vascular endothelial growth factor (VEGF)-signaling proteins (orange), other relevant angiogenesis factors (red), factors
regarding the tumor microenvironment (green) and tumor intrinsic markers (purple). Neuropilin 1 (NRP1) can be expressed in macrophages but also in endothelial cells
and tumor cells capable of binding VEGFA (solid arrow). NRP1 and VEGF receptor (VEGFR) 3 can form complexes with VEGFR2 (dotted arrow). Angiopoietin (ANGPT)
1 and 2 are predominantly detected in the endothelial cells and the extracellular matrix. Tissue inhibitor of metallopeptidases (TIMP) 3, thrombospondin (THBS) 1 and
chemokine (C-X-C motif) ligand (CXCL) 12 is found in the extracellular matrix. CD31 and CD34 are used for vessel morphology assessments. Ephrin receptor (EPH) B4,
endoglin (ENG), VEGFR3 and epidermal growth factor-like-domain (EGFL) 7 are also endothelial cell-speci�c. Pericytes covering vessels can be recognized by staining
with aorta smooth muscle actin-alpha (ACTA) 2 or membrane platelet-derived growth factor receptor-beta (PDGFRB). Tumor cells share the endothelial cell candidate
biomarkers NRP1, VEGFR1 and VEGFR2. They also express EGF receptor (EGFR) and human EGFR (HER) 2 which can induce VEGFA expression (dot-dashed arrow),
carbonic anhydrase (CA) 9, phosphatase and tensin homolog (PTEN), tumor protein (TP) 53, CXC receptor (CXCR) 4, microtubule-associated protein 1 light chain 3
(MAP1LC3) and thymidylate synthetase (TYMS). In addition, they express and secrete (dashed arrow) VEGFA and VEGFD, placental growth factor (PGF), PDGFA
and �broblast growth factor (FGF).
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Table 1.1: Di�erent vascular endothelial growth factor A (VEGFA) - VEGF receptor 2 (VEGFR2) pathway inhibitors and their targets based on the full
prescribing information as published by the Food and Drug Administration (FDA) and the European public assessment reports as published by the European
Medicines Agency (EMA).

Drug Axitinib
(Inlyta®)

Bevacizumab
(Avastin®)

Pazopanib
(Votrient®)

Regorafenib
(Stivarga®)

Sorafenib
(Nexavar®)

Sunitinib
(Sutent®)

Vandetanib
(Caprelsa®)

Ziv-a�ibercept
(Zaltrap®)

Targets

ABL1 x
BRAF x x
CD117 x x x x
CD135 x x
CSF1R x
DDR2 x
EGFR x
EPHA2 x
FGFR1/2 x
FRK x
MAPK11 x
PDGFR x x x x
PGF x
RET x x x
TEK x
TRNAK2 x
VEGFA x x
VEGFB x
VEGFR1 x x x x
VEGFR2 x x x x x x
VEGFR3 x x x x x x

x: described in the full prescribing information (Food and Drug Administration (FDA)) or the European public assessment report (European Medicines Agency (EMA));
ABL1: c-abl oncogene 1; BRAF: v-raf murine sarcoma viral oncogene homolog B; CD117/135: cluster of di�erentiation 117/135; CSF1R: colony-stimulating factor 1
receptor; DDR2: discoidin domain receptor tyrosine kinase 2; EGFR: epidermal growth factor receptor; EPHA2: EPH receptor A2; FGFR1/2: �broblast growth factor
receptor 1/2; FRK: fyn-related kinase; MAPK11: mitogen-activated protein kinase 11; PDGFR: platelet-derived growth factor receptor; PGF: placental growth factor;
RET: ret proto-oncogene; TEK: endothelial TEK tyrosine kinase; TRNAK2: transfer RNA lysine 2; VEGFA/B: vascular endothelial growth factor A/B; VEGFR1/2/3:
vascular endothelial growth factor receptor 1/2/3.
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Table 1.2: Overview of immunohistochemistry biomarkers studied in human tissue and their predictive value.

Biomarker Predictive value Median PFS Median OS PFS HR (95% CI) OS HR (95% CI) Patients (n) Ref.

CD31, CD34 no di�erence NA NA NA 1.00 (0.87 - 1.15) 278 [31]

high MVD: PFS↑ NA NA 0.38 (0.19 - 0.78) NA 242 [32]

high MVD: PFS↓ 16 vs 10 m

(p < 0.05)

NA NA NA 19 [33]

no correlation NA NA NA NA 15 [34]

high MVD: OS↑ PFS↑ 14 vs 10 m

(p > 0.05)

NA NA NA 17 [35]

NRP1 low NRP1: PFS↑ NA NA 0.46 (0.22 - 0.93) NA 244 [32]

TP53 low TP53: OS↑ NA 25.1 vs 16.3 m NA 0.32 (0.15 - 0.70) 266 [36]

no di�erence 16.2 vs 13.9 m

(p > 0.05)

NA NA NA 34 [28]

VEGFD low VEGFD: OS↑ PFS↑ NA NA 0.21 (0.08 - 0.55) 0.35 (0.13 - 0.90) 268 [37]

VEGFR1 low VEGFR1: OS↑ NA NA NA NA 268 [37]

low VEGFR1/CD31: PFS↑ NA NA 0.62 (0.34 - 1.12) NA 230 [32]

CA9 low CA9: OS↑ PFS↑ 4.7 vs 2.4 m

(p < 0.05)

24.1 vs 10.2 m

(p < 0.05)

NA NA 31 [38]

TIMP3 high TIMP3: response↑ NA NA NA NA 22 [39]

TYMS high TYMS: response↑ NA NA NA NA 22 [39]

VEGFA165b low VEGFA165b:total VEGFA

ratio: OS↑ PFS↑

8.0 vs 5.2 m

(p < 0.02)

13.6 vs 10.6 m

(p > 0.05)

0.49 (0.26 - 0.93) 0.68 97 [40]

EPHB4 low EPHB4: OS↑ NA 48 vs 16 m NA 5.95 (1.18 - 29.96) 13 [41]
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Table 1.2 (continued): Overview of biomarkers studied in human tissue and their predictive value.

Biomarker Predictive value Median PFS Median OS PFS HR (95% CI) OS HR (95% CI) Patients (n) Ref.

EGFL7 low EGFL7: response↑ NA NA NA NA 122 [42]

CXCL12, CXCR4 upregulated after VEGFAi NA NA NA NA 12 [43]

ANGPT2 downregulated after VEGFAi NA NA NA NA 12 [43]

THBS1 high THBS1: ORR↑ 6 vs 6 m

(p > 0.05)

16 vs 15 m

(p > 0.05)

NA NA 42 [44]

pericyte coverage no di�erence 13.0 vs 10.5 m

(p > 0.05)

NA NA NA 17 [35]

high ACTA2: OS↑ NA NA (p < 0.05) NA NA 80 [45]

low ACTA2: response↑ NA NA NA NA 56 [46]

VEGFA no di�erence NA 27.7 vs 19.7 m,

NR vs 16.3 m

NA 0.13, 0.49 278 [31]

no di�erence NA NA 0.91, 0.74, 0.57 NA 241 [32]

no di�erence 16.4 vs 14.3 m

(p > 0.05)

NA NA NA 34 [28]

no di�erence 3.9 vs 3.9 m

(p > 0.05)

9.1 vs 11.5 m

(p > 0.05)

1.54 (0.72 - 3.30) 1.66 (0.48 - 5.77) 31 [38]

high VEGFA: response↑ NA NA NA NA 22 [39]

no di�erence; PR had higher

expression than SD

NA NA NA NA 12 [47]

VEGFR2 no di�erence NA NA 0.82, 0.61, 0.68 NA 240 [32]
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Table 1.2 (continued): Overview of biomarkers studied in human tissue and their predictive value.

Biomarker Predictive value Median PFS Median OS PFS HR (95% CI) OS HR (95% CI) Patients (n) Ref.

VEGFR3 low VEGFR3: ORR↑ 6 vs 6 m

(p > 0.05)

16 vs 15 m

(p > 0.05)

NA NA 42 [44]

EGFR no di�erence NA NA 0.64, 0.67, 0.72 NA 240 [32]

HER2 no di�erence NA NA 0.60, 0.90 NA 237 [32]

no di�erence 14 vs 15 m

(p > 0.05)

NA NA NA 34 [28]

ENG low ENG: ORR↑ 6 vs 6 m

(p > 0.05)

16 vs 15 m

(p > 0.05)

NA NA 42 [44]

PTEN no di�erence 14 vs 15 m

(p > 0.05)

NA NA NA 34 [28]

↓: decrease for the mentioned expression level; ↑: increase for the mentioned expression level; ACTA2: aorta smooth muscle actin-alpha 2; ANGPT2: angiopoietin 2;

CA9: carbonic anhydrase IX; CD31/34: cluster of di�erentiation 31/34; CXCL12: chemokine (C-X-C motif) ligand 12; CXCR4: chemokine (C-X-C motif) receptor 4;

EGFL7: EGF-like-domain 7; EGFR: epidermal growth factor receptor; ENG: endoglin; EPHB4: EPH receptor B4; HER2: human EGFR 2; HR: hazard ratio; MVD:

microvessel density; NA: not available; NRP1: neuropilin 1; ORR: overall response rate; OS: overall survival; PFS: progression-free survival; PR: partial response; PTEN:

phosphatase and tensin homolog; Ref.: reference; SD: stable disease; THBS1: thrombospondin 1; TIMP3: TIMP metallopeptidase inhibitor 3; TP53: tumor protein

p53; TYMS: thymidylate synthetase; VEGFA/D: vascular endothelial growth factor A/D; VEGFA165b: anti-angiogenic isoform of VEGFA; VEGFAi: VEGFA inhibition;

VEGFR1/2/3: VEGF receptor 1/2/3.
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Table 1.3: Overview of immunohistochemistry biomarkers studied in mice and their predictive values.

Biomarker Predictive value Cell line Model Number of animals Ref.

VEGFA121b high VEGFA121b: inhibition of
angiogenesis

LS174t lumbar region of nude
mice

12 [30]

CA9 increased expression of CA9 in
response to bevacizumab
treatment

HT29 subcutaneous in female
mice

10 [48]

VEGFR2 early-forming vessels strongly
expressing VEGFR2 are highly
susceptible to VEGFA inhibition

Ad-VEGFA164 injected into ears and
�ank skin of female
athymic nude mice

60 [49]

MAP1LC3 high MAP1LC3: resistance to
bevacizumab

HT29 injected into �ank skin
of C.B.17 SCID female
mice

48 [50]

α2-6-linked
sialic acid;
GAL1

high α2-6-linked sialic acid, low
GAL1: sensitive to bevacizumab

CT26 implanted into
syngeneic mice

not reported [51]

CA9: carbonic anhydrase IX; GAL1: soluble galactoside-binding lectin 1; MAP1LC3: microtubule-associated protein 1 light chain 3; Ref.: reference; SCID: severe
combined immunode�ciency; VEGFA: vascular endothelial growth factor A; VEGFA121b: anti-angiogenic isoform of VEGFA; VEGFR2: VEGF receptor 2.
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The independence of VEGFA expression from clinical bene�t has been demon-

strated in several studies. In one study, VEGFA expression in tumor cells was

assessed before treatment in predominantly primary lesions from mCRC patients

[31]. This method could not, however, distinguish subjects who are likely to ben-

e�t from bevacizumab combined with IFL. Disease control rate, progression-free

survival (PFS) and overall survival (OS), were similar in samples from patients

with low or high VEGFA expression after second or later line treatment [38].

Nevertheless, several studies encourage further exploration of potential correla-

tion. For example, there is an understanding that VEGFA-mediated angiogenesis

might be essential during the early stages of metastatic disease and therefore,

bevacizumab treatment is likely more e�ective during that time period (Table

1.4). This indicates that patients with high levels of VEGFA expression may

bene�t from bevacizumab-directed treatment [32]. In another study, despite a

lack of correlation between treatment response and VEGFA expression, patients

with partial remission following six months of treatment exhibited higher VEGFA

expression compared to patients with stable disease [47]. In yet another study,

authors also demonstrated that VEGFA expression by IHC in mCRC patients is

signi�cantly higher in responders than in non-responders [39]. Di�erent tech-

niques (e.g. antibody clone, section thickness), di�erent lines of treatment, and

small sample sizes were used in previous studies thus con�icting results were

obtained. Possibly, the level of VEGFA is important only in a select group of

tumors. For example, tumors that have activated an angiogenic switch and

rely almost exclusively on VEGFA for angiogenesis might be most susceptible

to VEGFA blockade. Therefore, VEGFA dependency might be related to di�er-

ent molecular subtypes of mCRC [8]. Evidently, more evidence is required for a

potential role of VEGFA, its isoforms and stage-dependent expression in mCRC.
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Figure 1.3: Selected representative images of the immunohistochemistry assays studied and
discussed. Images were taken in areas adjacent to the primary tumor area (A, C, E, G) and in primary
tumor areas (B, D, F, H) of human metastatic colorectal cancer tissue sections. In the tumor area, the
staining for carbonic anhydrase IX (CA9) can be strong in the membrane of the tumor cells (tm) (B)
in contrast to the epithelial cells in the crypts (cp) (A). Vessel-associated cells (arrow) in the stroma
(sm) are negative. Epidermal growth factor receptor (EGFR) has a weak staining in the membrane
of the cells of plexi myenterici (pm) located between the muscle layers (C). The staining for EGFR
can be weak to moderate in the cytoplasm and membrane of tumor cells (D). Vessel-associated cells
in the stroma are negative. A moderate to strong granular staining for vascular endothelial growth
factor A (VEGFA) can be observed in the cytoplasm of tumor cells (F), but there is also weak staining
near the vessel-associated cells. Weak to moderate VEGFA staining can be observed in the cytoplasm
of and near epithelial cells and vessel-associated cells (E). The �uorescent staining pattern for the
combination CD31 and CD34 (red) and aorta smooth muscle actin-alpha 2 (ACTA2) (cyan) highlights
the high frequency of mature vessels (black asterisk) in adjacent tumor tissue (G). In the tumor area
more immature vessels (red asterisk), lacking ACTA2 expression, can be observed (H). Scale bar =
50 μm (chromogenic stainings) or scale bar = 20 μm (�uorescent stainings).
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Table 1.4: Molecular pro�le of fast- and slow- progressing tumors.

Slow-progressing tumor Fast-progressing tumor

early VEGFA VEGFA
progression VEGFA, FGF2 VEGFA
advanced VEGFA, FGF2, PDGF, IL8 VEGFA
�nal VEGFA, FGF2, PDGF, IL8, PGF VEGFA

FGF2: �broblast growth factor 2; IL8: interleukin 8; PDGF: platelet-derived growth factor; PGF:
placental growth factor; VEGFA: vascular endothelial growth factor A

1.2.2 Vascular endothelial growth factor A splice isoforms

(VEGFA121b, VEGFA165b)

The VEGFA gene encodes for multiple isoforms, identi�ed by their length and

c-terminal sequence [40]. Two families of proteins are formed by alternative

splicing of the terminal exon: pro-angiogenic (VEGFAXXX) and anti-angiogenic

(VEGFAXXXb) isoforms [40]. In many tissues, including normal colon, the anti-

angiogenic isoforms form a substantial portion of total VEGFA [40]. VEGFA165b

is the most common inhibitory isoform and is downregulated in colon cancer,

although to a variable extent among di�erent patients [40]. Furthermore, be-

vacizumab binds VEGFA165b with the same a�nity as normal VEGFA165 [40].

Overexpression of VEGFA165b in human CRCs grown in mice confers resistance

to bevacizumab treatment [40]. Therefore, bevacizumab may be less e�ective

against tumors with high VEGFA165b levels [40]. It is conceivable that in patients

with a high VEGFA165b level, the e�ective dose of bevacizumab left for inhibiting

VEGFA that targets the tumor is decreased [40]. Conversely, patients with lower

VEGFA165b levels may have a more angiogenic tumor, making it more suscep-

tible to bevacizumab [40]. The binding of VEGFA165b by bevacizumab might

even stop a more dominant anti-angiogenic e�ect than can be achieved by bind-
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ing the pro-angiogenic e�ect of VEGFA165 potentially worsening the condition

[40]. Another anti-angiogenic isoform in mCRC is VEGFA121b [30]. It has simi-

lar inhibitory properties on angiogenesis as VEGFA165b [30]. The VEGFAXXXb

isoforms can act as a limiter on excessive angiogenesis during conditions of un-

controlled growth. However, our knowledge about these isoforms is limited, and

measuring VEGFA165b is not straightforward [52].

1.2.3 Vascular endothelial growth factor D (VEGFD)

Bevacizumab targets only VEGFA and given the redundancy within biologic fam-

ily members, overexpression of other VEGFA-family ligands could constitute a

mechanism of resistance [37]. Several studies have shown that growth factors

implicated in lymphangiogenesis can also participate in angiogenesis [37]. Ex-

amples are VEGFD, also known as c-fos induced growth factor (FIGF), and its

corresponding receptor vascular endothelial growth factor receptor (VEGFR) 3

[53, 54]. The N- and C-terminal propeptides of VEGFD can be proteolytically

cleaved, and the mature forms can bind to VEGFR2 [55]. As VEGFA is blocked

by bevacizumab therapy, mCRC cells that produce other angiogenic factors keep

on growing. VEGFD could be one of these factors and tumor cells that produce

it seem to be resistant to VEGFA blockade. Indeed, low expression of VEGFD in

mCRC has been associated with greater bevacizumab bene�ts on PFS and OS

as shown by IHC using tissue microarrays [37]. Only a limited number of studies

report on VEGFD and its relation to bevacizumab response in mCRC.

1.2.4 Vascular endothelial growth factor receptor 1 (VEGFR1)

Vascular endothelial growth factor receptor 1 (VEGFR1) (Figure 1.4 A,B), also

known as fms-related tyrosine kinase 1 (FLT1), acts as a negative regulator

of VEGFA-mediated angiogenesis in its membrane-bound form during develop-
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ment. However, it is a stimulator of angiogenesis when activated by its speci�c

ligands placental growth factor (PGF) and VEGFB [56]. VEGFA also has a

high a�nity to VEGFR1 in addition to PGF and VEGFB, but its tyrosine ki-

nase activity when binding VEGFA is comparatively weak and the downstream

signaling, if present, is poorly understood [56]. The study of VEGFR1 by IHC

is challenging, because it is expressed in endothelial cells [56], monocytes [57],

some hematopoietic cells [58], pericytes [55], and tumor cells [59]. In one study,

tumor samples from 230 patients were tested for VEGFR1 expression in blood

vessels and PFS was chosen as the primary endpoint [32]. Endothelial VEGFR1

staining was lower than endothelial VEGFR2 staining in mCRC. Patients with

a low ratio VEGFR1 to cluster of di�erentiation (CD) 31 endothelial staining

showed increased bene�t from bevacizumab treatment, though this e�ect was

not statistically signi�cant [32]. Through stimulation of vascular endothelial

growth factor receptors on tumor cells, VEGFA may have an additional role in

cancer. An autocrine loop might be responsible for increased tumorigenesis [27,

60]. Tumor samples from patients in the MAX-study (mitomycin C, Avastin®

and Xeloda®) were tested for VEGFR1 expression. Lower expression of VEGFR1

was associated with greater bevacizumab bene�t for OS, but not for PFS [37].

We assume that bevacizumab mimics (soluble) VEGFR1, as VEGFR1 has high

a�nity for VEGFA, but holds weak activation potential. Therefore, tumor ves-

sels and cells with high membrane bound or soluble VEGFR1 levels are most

likely more resistant to bevacizumab therapy [61].

1.2.5 Vascular endothelial growth factor receptor 2 (VEGFR2)

VEGFA signaling through vascular endothelial growth factor 2 (VEGFR2), also

known as kinase insert domain receptor (KDR), on endothelial cells is the ma-

jor pathway that activates angiogenesis by inducing the proliferation, survival,
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sprouting and migration of endothelial cells, and also by increasing endothelial

permeability [55]. But no relationship to VEGFR2 expression on endothelial cells

was observed in mCRC samples [32]. It has been reported that VEGFR2 can

also be present on tumor cells themselves [62], but in another study VEGFR2 ex-

pression was not detectable by IHC in cancer cells [43]. Human cancers contain

several distinct blood vessel types. The sensitivity of each of the vessel types

to anti-VEGFA therapy with ziv-a�ibercept has been studied [49]. Late-forming

vascular malformations, feeding arteries, and draining veins that expressed low

levels of VEGFR2 are largely resistant to blockade by ziv-a�ibercept. In contrast,

early-forming mother vessels and glomeruloid microvascular proliferations, which

express high levels of VEGFR2, are highly susceptible, showing the importance

of the maturity status of vessels in tumors. Whether VEGFR2 is an appropriate

marker to assess the functional status needs to be investigated. Up till now no

predictive value for response by VEGFR2 expression in endothelial or tumor cells

in mCRC has been reported. Nevertheless, because VEGFR2 is the most impor-

tant receptor of VEGFA, we speculate that VEGFR2 expression in endothelial

cells correlates with the sensitivity to VEGFA and thus bevacizumab therapy.

Moreover, VEGFR2 expression is induced in immature vessels through hypoxia

sensing pathways [63]. Thus, it is conceivable that vessels with pronounced

VEGFR2 expression will be more sensitive to VEGFA/VEGFB blockade [64].

1.2.6 Vascular endothelial growth factor receptor 3 (VEGFR3)

Vascular endothelial growth factor receptor 3 (VEGFR3), also known as fms-

related tyrosine kinase 4 (FLT4), is a receptor that has mostly been implicated

in lymphangiogenesis, but there is evidence for its expression in blood vessels of

solid tumors [54, 65]. VEGFR3 can heterodimerize with VEGFR2, leading to

di�erential phosphorylation and a potentially di�erent signal transduction. Al-
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though VEGFR3 expression is upregulated in angiogenic blood vessels of tumors

[66], it has been reported that VEGFR3 has no clinically applicable prognostic

signi�cance in mCRC patients [44].

1.2.7 Neuropilin 1 (NRP1)

The trans-membrane co-receptor neuropilin 1 (NRP1) (Figure 1.4 C,D) binds

VEGFA and VEGFR2, resulting in increased a�nity of VEGFA for the extra-

cellular domain of VEGFR2 [27, 67]. Co-expression of NRP1 and VEGFR2 on

endothelial and tumor cells promotes angiogenesis and vasculature development

[67]. NRP1 also acts as a co-receptor for semaphorins, a number of growth fac-

tors and the inactive latent form bound to latency-associated peptide [67]. It is

thought that endothelial and tumor cells that highly express (soluble) NRP1 are

resistant to bevacizumab because these cells can cope with low VEGFA levels

and thus additional blockade of VEGFA by bevacizumab will be ine�ective [61].

On the other hand, mCRC patients with low NRP1 levels in endothelial or tumor

cells tend to have an increased bene�t from bevacizumab [32]. In cell culture,

NRP1 increases during bevacizumab treatment and combined blockade of NRP1

and VEGFA inhibits tumor growth additively [43]. NRP1 is also up-regulated in

tumor-associated macrophages (TAMs) of the alternatively activated M2 phe-

notype. In the tumor microenvironment, TAMs may adopt a trophic role that

promotes angiogenesis, matrix proteolysis, and tumor progression. NRP1 ex-

pression in TAMs is signi�cantly increased after bevacizumab treatment [43],

indicating that an immunomodulating tumor environment is present. The TAMs

turn o� immune system activation by producing anti-in�ammatory cytokines and

promote angiogenesis [68]. Up till now, the cells of the immune system have not

been extensively studied for a link with bevacizumab response in mCRC.
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Figure 1.4: Selected representative images of the immunohistochemistry assays studied and
discussed in this review. Images were taken in areas adjacent to the primary tumor area (A, C, E, G)
and in primary tumor areas (B, D, F, H) of human metastatic colorectal cancer tissue sections. The
staining for vascular endothelial growth factor receptor 1 (VEGFR1) is weak to moderate in vessel-
associated cells (arrow) of tissue adjacent to tumor (A), but vessel-associated cells in the stroma (sm)
as well as the membrane of tumor cells in tumor areas (tm) show strong staining (B). Vessel-associated
cells in the mucosa of tissue adjacent to tumor are moderately stained for neuropilin 1 (NRP1) (C).
No staining can be observed in the epithelial cells of the crypts (cp). However, in the tumor area
moderate to strong staining can be observed in the cytoplasm of tumor cells (D). Aspeci�c staining
in the nucleus of tumor cells is also present. Vessel-associated cells show stronger staining. In tissue
adjacent to the tumor area, the staining of tumor protein p53 (TP53) is weak in the nucleus of some
epithelial cells (E). However, in the tumor area a strong staining can be observed in the nucleus of
tumor cells (F). Vessel-associated cells are negative. Angiopoietin 2 (ANGPT2) expression is restricted
to vessel-associated cells. In the tumor area, a strong staining can be observed (H); this is in contrast
to the tissue adjacent to tumor (G). Scale bar = 50 μm.
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1.2.8 Endogenous VEGFA-binding proteins can a�ect the

reliance of the tumor to VEGFA

The target of bevacizumab therapy, VEGFA, did not show predictive properties.

This could be due to VEGFA having multiple isoforms that are not accounted

for. Alternatively, the context of the biomarker is important as di�erent tumor

subtypes can have di�erent molecular pro�les (Table 1.4). Another member of

the VEGF family, VEGFD, shows predictive value and should be investigated

on a larger scale. An important observation is that endogenous VEGFA-binding

proteins such as VEGFR1 and NRP1 can a�ect the reliance of the tumor to

VEGFA and therefore the success of bevacizumab therapy. These biomarkers

show promise and must be studied more extensively. The receptors of the VEGF-

family, VEGFR2 and VEGFR3, do not seem to have any predictive value.

1.3 Group II: Other relevant angiogenesis factors

Angiogenesis is a redundant process with multiple pathways resulting in the for-

mation of new blood vessels. Besides VEGFA, other angiogenic proteins can

maintain a vascular supply to the tumor. When VEGFA is inhibited by beva-

cizumab, tumors that inherently use di�erent angiogenic proteins for their vas-

cular network may undergo positive selection and maintain the tumor's growth

and progression.

1.3.1 Pericyte coverage: aorta smooth muscle actin-alpha 2

(ACTA2) and platelet-derived growth factor receptor-beta

(PDGFRB)

During angiogenesis in embryos and adults, PDGFB is expressed by sprouting

endothelial cells, whereas its receptor, platelet-derived growth factor receptor-
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beta (PDGFRB), is localized on pericytes [69]. Pericyte coverage of vascular

sprouts is needed to stabilize the newly grown vascular walls [69]. The level

of vessel maturation is most likely involved in the response to anti-angiogenic

therapies [64]. Varying degrees of pericyte recruitment to the tumor microvas-

culature occur in di�erent tumor types [70]. Pericytes are known to produce

VEGFA, which is a survival factor for endothelial cells [71]. It seems reasonable

to speculate that pericytes serve as a 'private' source of VEGFA for the adjacent

endothelial cells. If the pericytes are absent or cannot produce VEGFA, the en-

dothelium becomes vulnerable to VEGFA blockade [14]. Furthermore, tyrosine

kinase inhibitors, which block multiple kinases including PDGFRB, enhance the

e�ect of VEGFA inhibitors. Pericyte coverage as a predictive marker for therapy

with bevacizumab has been studied by staining mCRC tumor vessels with aorta

smooth muscle actin-alpha 2 (ACTA2) (also known as alpha smooth muscle actin

(αSMA)) (Figure 1.3 G,H) [35]. However, pericyte coverage was not able to pre-

dict response. In another study, 80 patients with a primary CRC resection were

treated with bevacizumab. Tumors were stained using dual immuno�uorescence

staining for coagulation factor VIII (an endothelial cell marker) and ACTA2. Mul-

tiple �elds of view were scored. Half of the patients were metastatic at diagnosis,

the others subsequently developed metastases. There was no di�erence between

the levels of immature and mature vessels in tumors of early-stage patients and

metastatic patients. Patients with higher levels of immature blood vessels, and

hence lower levels of mature blood vessels, experienced longer survival following

treatment [45]. ACTA2 staining can also be used to study the tumor stromal ar-

chitecture [46]. Tissue microarrays consisting of surgical tumor samples from 56

patients with mCRC were stained for CD31 and ACTA2 followed by scoring two

phenotypes: tumor vessel and stromal vessel [46]. RECIST response information

for FOLFIRI and bevacizumab treatment as �rst- or second-line therapy post-
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surgery was available for each patient. The 'stromal vessel' phenotype group

had a poorer response than the 'tumor vessel' phenotype group (p < 0.05) [46].

Mature vessels with pericytes can be resistant to VEGFA-blockade as pericytes

deliver VEGFA to the endothelial cells with which they are in contact [61].

1.3.2 Angiopoietin 2 (ANGPT2)

The angiopoietins, a family of vascular regulatory molecules binding to the en-

dothelial tyrosine kinase (TEK), play an important role in neovascularization.

One of them, ANGPT2 (Figure 1.4 G,H), is a molecule that promotes the desta-

bilization of blood vessels by inhibiting the recruitment of pericytes to blood

vessels [72]. For instance, in several tumor types, upregulated ANGPT2 lev-

els correlate with metastasis [73]. VEGFA blockade reduces the expression of

ANGPT2 in endothelial cells in rectal tumors [43]. Moreover, at day 12 af-

ter bevacizumab, ANGPT2 expression decreases proportionally with microves-

sel density, but the percentage of ANGPT2-positive blood vessels remains high

(90% to 100%) [74]. Low ANGPT2 expression may lead to more stable blood

vessels through pericyte coverage. Accordingly, we propose that low ANGPT2-

expressing tumors are more resistant to VEGFA blockade than tumors with high

ANGPT2 expression.

1.3.3 Pericyte coverage seems to a�ect sensitivity to beva-

cizumab

Maturity of a vessel seems to a�ect sensitivity of endothelial cells to beva-

cizumab therapy. Biomarkers labeling pericytes directly, ACTA2 and PDGFRB,

or biomarkers that a�ect pericyte coverage, such as ANGPT2, have predictive

value. The pericytes covering endothelial cells can directly deliver VEGFA to the

endothelial cells. This allows the endothelial cells escape the VEGFA-binding
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nature of bevacizumab. More studies must investigate the role of pericyte cov-

erage.

1.4 Group III: Factors regarding the tumor microen-

vironment

Some proteins in�uence the delivery and/or working mechanisms of bevacizumab

combined with the chemotherapy to the tumor microenvironment. As beva-

cizumab is given as a combination therapy, it is important that the tumor is

responsive to the chemotherapy as well. There are also proteins in the microen-

vironment that can reinforce or inhibit the action of bevacizumab and can tip

the balance. For example, when synergetic proteins are abundantly present in

the tumor and bevacizumab is introduced, angiogenesis can be inhibited and

the tumor size stabilized. Multiple types of angiogenic proteins can be used by

the tumor to increase angiogenesis in its environment. Non-responsive tumors

can be those tumors that do not have inhibitors expressed for the alternative

angiogenic proteins. As such, inhibition of VEGFA is not su�cient.

1.4.1 Thrombospondin 1 (THBS1)

Thrombospondin 1 (THBS1) is a major negative regulator of angiogenesis com-

promising endothelial cell survival, migration, and responses to VEGFA [75]. The

regulation of THBS1 is a complex and controversial phenomenon [75]. In some

cases, the tumor microenvironment might override the e�ects of the THBS1

regulator tumor protein p53 (TP53) [75]. For instance, hypoxia can reduce

THBS1 levels and induce VEGFA expression, irrespective of TP53 status [75].

Furthermore, the chemotherapy backbone, 5�FU, can induce THBS1 expression

[76]. In THBS1-positive mCRC treated with bevacizumab and chemotherapy,

26



the overall response rate (ORR) was 0% versus 30% in the THBS1-negative

group [44]. Because treatment e�cacy according to the expression of THBS1

was non-signi�cant, THBS1 did not seem to have clinically applicable prognostic

signi�cance [44]. The role of THBS1 as a predictive biomarker needs to be more

clearly established.

1.4.2 TIMP metallopeptidase inhibitor 3 (TIMP3)

Tissue inhibitor of metallopeptidases 3 (TIMP3) is a member of a family of

endogenous inhibitors of matrix metalloproteinases and a potent inhibitor of

angiogenesis and tumor growth. TIMP3 expression in mCRC patients suggests a

host response to restrict the extent of local tissue degradation, tumor invasion,

and angiogenesis [39]. TIMP3 is present in both tumor and stromal cells and

is more highly expressed in responders than in non-responders to bevacizumab

[39]; this may explain the synergistic function of bevacizumab and TIMP3 to

inhibit angiogenesis in mCRC.

1.4.3 Chemokine (C�X�C motif) ligand 12 (CXCL12) and

chemokine (C�X�C motif) receptor 4 (CXCR4)

Chemokine (C-X-C motif) ligand (CXCL)12 (also known as stromal cell-derived

factor 1 (SDF1)) is one of the key stimuli involved in signaling interactions

between tumor cells and their microenvironment [77]. It promotes tumor angio-

genesis by recruiting circulating endothelial progenitor cells to the tumor stroma

[77]. VEGFA blockade by bevacizumab upregulates the expression of chemokine

(C-X-C motif) receptor 4 (CXCR4) and CXCL12 in rectal cancer cells as shown

by IHC before and after bevacizumab treatment [43]. The CXCL12-CXCR4

pathway may be a relevant resistance mechanism when anti-VEGFA agents are

used, but the predictive value in mCRC has not yet been studied.
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1.4.4 Endothelial cell markers: CD31 and CD34

CD31 (Figure 1.3 G,H) is believed to be a highly speci�c marker for endothelial

cells, even though expression of CD31 has also been reported in macrophages

and dendritic cells. Besides CD31, CD34 is expressed in endothelial cells, as

well in reactive �broblasts and some types of benign and malignant mesenchy-

mal neoplasms. CD34 staining can help to distinguish between subtypes of

blood vessel, i.e. vascular channels and sinuses. Typically, the expression of

these proteins is used to evaluate the number of blood vessels in the tumor,

the so-called microvessel density, a surrogate marker of tumor angiogenesis [78].

Retrospective analyses have been performed to evaluate microvessel density as

a prognostic factor and/or predictor of bene�t for bevacizumab in mCRC. In

one study, the estimated hazard ratios (HRs) for risk of death for bevacizumab-

treated patients were smaller than one regardless of the level of microvessel

density, suggesting that the predictive value of microvessel density is low [31].

However, high microvessel density levels are associated with an increased bene�t

from bevacizumab, when PFS was the primary endpoint [32, 35]. Foernzler and

colleagues studied tumor samples from 247 patients with mCRC who received

�rst-line oxaliplatin-based chemotherapy and bevacizumab (NO16966). High

CD31 (bigger than the 2nd tertile) appeared to be associated with increased

bene�t from bevacizumab treatment. Goede and colleagues used tumor sam-

ples from 17 patients who received either FOLFIRI, XELIRI, FOLFOX, XELOX,

XEL or 5-FU/FO and bevacizumab. The patients with a microvessel density

bigger than the median, experienced longer median PFS (4 months) in com-

parison with those with low microvessel density. Moreover, PFS is signi�cantly

shorter (10 months) in patients with an microvessel density greater than 11 (me-

dian microvessel density) compared with patients with lower microvessel density

(16 months) [33]. Patients with mCRC with potentially resectable liver lesions

28



who received bevacizumab and had high baseline CD31 their median survival

di�ered 5.5 months with those who had low baseline CD31. In a small study

with 15 mCRC patients who underwent irinotecan, �uorouracil (bolus injec-

tion) and leucovorin (IFL) combined with bevacizumab, primary tumor samples

stained for CD31 and CD34 were analyzed by a computerized image analysis pro-

gram to calculate the intratumoral microvessel density. The treatment response

was evaluated by computed tomography scanning. Two types of blood vessel,

undi�erentiated (CD31+/CD34−) and di�erentiated (CD34+), were identi�ed.

No signi�cant correlation between tumor shrinkage and microvessel density was

found [34]. However, the percentage of tissue samples consisting of metastatic

tumor instead of primary tumor could have biased the study results [61, 74].

Moreover, it is known that inter-observer variability for vessel counting is high

[78] and therefore, the results from multiple studies are di�cult to compare. In

addition, it has been reported that microvessel density by itself is not a mea-

surement of functionality of the vessel network in a tumor [63]. Accordingly,

the vessel maturity, endothelial cell proliferation or spatial patterns should be

assessed. We propose to develop more robust methods for vessel counting, to

include functional markers such as ACTA2 or analyze additional information such

spatial patterns.

1.4.5 EGF-like-domain 7 (EGFL7)

EGF-like-domain 7 (EGFL7) is important for the development of the vascular

system and is post-natally expressed in highly vascularized tissues. It is also up-

regulated at sites of pathological angiogenesis and acts as a chemo-attractant in

endothelial cell recruitment. The presence of EGFL7 is necessary for the tubulo-

genesis of blood vessels [42]. High levels of EGFL7 could decrease the e�ciency

of the delivery of chemotherapy because they induce immature and leaky sprout-
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ing vessels during neoangiogenesis near the tumor cells. When only anti-VEGFA

is used to treat mCRC (e.g. during the chemotherapy-free maintenance period),

this might actually bene�t the tumors that strongly express EGFL7 [42].

1.4.6 EPH receptor B4 (EPHB4)

Migrating endothelial cells express receptors for axon-guidance cues, includ-

ing ephrin receptors [79]. Ephrin-B2 (EFNB2) and its receptor, EPH receptor

(EPH)B4, regulate vessel morphogenesis by several mechanisms [79]. Endothelial

EPH B4 activation of EFNB2 induces mural ANGPT1 expression and increases

TEK activation. As a result, pericyte investiture is enhanced and tumor blood

vessel leakiness declines [80]. Patients with high EPHB4 expression are more re-

sistant to VEGFA blocking and patients with low EPHB4 mRNA levels are better

responders to bevacizumab than those with high levels [41]. This is another pro-

tein which indicates that the vessel maturation status or pericyte coverage of the

tumor blood vessels can predict bevacizumab response in mCRC. Direct study

of the pericyte coverage is possible as explained in the previous section.

1.4.7 Endoglin (ENG)

Endoglin (ENG) (also known as CD105) seems to be speci�c to activated/pro-

liferating endothelial cells [44]. It is preferentially expressed in the activated

endothelial cell participating in neoangiogenesis, especially in tumors, and is un-

detectable or weakly expressed in vessels of normal tissues. However, expression

of ENG in patients treated with bevacizumab does not show clinically applicable

prognostic signi�cance in mCRC patients [44].
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1.4.8 Endogenous angiogenesis-inhibitors can be synergistic with

bevacizumab

High expression of endogenous angiogenesis-inhibitors, such as THBS1 and TIMP3,

by a tumor can be synergistic with bevacizumab therapy. Therefore these

biomarkers have predictive value and must be studied more extensively. Con-

versely, mechanisms that can replace tumor angiogenesis, such as recruitment

of circulating endothelial progenitor cells (CXCL12 and CXCR4) seem to ex-

plain resistance to bevacizumab therapy. One of the most studied and discussed

biomarkers, microvessel density, su�ers from inter-observer variability and stan-

dardization. This could explain the heterogeneous results when microvessel den-

sity is studied for its predictive value. Also in this group, there are biomarkers that

have a relation with pericyte coverage of vessels, such as EGFL7 and EPHB4.

Again, these biomarkers seem to be predictive for bevacizumab therapy. The

proliferation status of endothelial cells as measured by ENG does not seem to

be predictive.

1.5 Group IV: Tumor intrinsic markers

Tumor condition proteins are indicative of the functional status of the tumor

cells, which could be relevant to angiogenesis. They cause indirect e�ects that

could explain resistance or responsiveness to bevacizumab and the accompanying

chemotherapy.

1.5.1 Thymidylate synthetase (TYMS)

Thymidylate synthetase (TYMS) is the target enzyme for 5�FU. TYMS protein

and mRNA have been shown to predict the response to 5�FU-based chemother-

apy [39]. In a retrospective analysis of tumor samples, TYMS expression has
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been quanti�ed using a visual grading system. In accordance with the results

obtained by real-time reverse-transcriptase polymerase chain reaction, IHC anal-

ysis showed that expression of TYMS was signi�cantly lower in responders with

mCRC than in non-responders to bevacizumab treatment [39]. However, con-

�icting results were reported concerning the predictive and prognostic value of

TYMS for 5�FU-based therapy in mCRC [39]. Therefore, more research in this

area is needed.

1.5.2 Carbonic anhydrase IX (CA9)

The uncontrolled growth of a tumor combined with anti-angiogenic therapy in-

duces hypoxia and an increased expression of hypoxia-regulated genes. One of

these genes gives rise to carbonic anhydrase IX (CA9) (Figure 1.3 A,B), which

is a transmembrane protein that plays a major role in the adaptation of cells in

hypoxic and acidic conditions [38]. Tumor hypoxia, which is one of the driving

forces of tumor angiogenesis, is known to be associated with treatment failure in

several malignancies. CA9 expression correlates to poor prognosis in most tumor

types and with worse outcome in bevacizumab-treated patients with mCRC [38].

The correlation between the expression of CA9 and the e�cacy of bevacizumab

in mCRC patients has been evaluated via IHC staining of CA9. Patients with

a low CA9 score had an improved PFS compared with those with a high score

[38]. Low CA9 expression was also associated with longer OS after bevacizumab

treatment [38]. CA9 is linked to prognosis, but the predictive value of CA9 for

bevacizumab could not be fully assessed in this study because a patient group

that did not receive bevacizumab was not included. Nonetheless, in cell culture

and xenografts, CA9 expression is associated with increased tumor growth, as

well as necrosis and apoptosis [48]. Moreover, CA9 knockdown enhances the

e�ect of bevacizumab treatment, reducing tumor growth rate in vivo [48].
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1.5.3 Epidermal growth factor receptor (EGFR)

The epidermal growth factor receptor (EGFR) signaling pathway (Figure 1.3

C,D) plays a key role in the development and growth of several tumors [81]. In

mCRC, mutations in Kirsten rat sarcoma viral oncogene homolog (KRAS), which

is the signaling molecule downstream of EGFR, are predictive of ine�ective EGFR

targeted therapy. There is also a clear connection between EGFR signaling and

angiogenesis. The inhibition of EGFR can decrease VEGFA expression in upper

gastrointestinal tract cancer and EGFR signaling induces VEGFA expression [81].

However, in one study all the mCRC patients gained a bene�t from bevacizumab

treatment regardless of the EGFR IHC expression level [32].

1.5.4 Human epidermal growth factor 2 (HER2)

Human epidermal growth factor receptor 2 (HER2) (also known as v-erb-b2 ery-

throblastic leukemia viral oncogene homolog 2 (ERBB2)) encodes a transmem-

brane tyrosine kinase receptor, homologous to EGFR. This receptor is involved

in the growth and progression of malignant cells. HER2 participates in and cor-

relates to VEGFA expression. VEGFA is higher in HER2-positive mCRC tumor

specimens than in those that are HER2-negative [82]. In one study, patients with

HER2 expression showed a decreased bene�t [32], but in another no statistically

signi�cant di�erences were found [28].

1.5.5 Tumor protein p53 (TP53)

TP53 (Figure 1.4 E,F) is inactivated in the majority of human cancers. Tumor

cells de�cient in TP53 display a diminished rate of apoptosis under hypoxic

conditions, which might reduce their reliance on vascular supply, and hence

their responsiveness to anti-angiogenic therapy. In contrast, several studies have

indicated that tumor angiogenesis may be enhanced by TP53 overexpression.
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Increased expression of TP53 is correlated with increased microvessel counts in

cancers of the lung, colon and stomach [83]. Five randomized, controlled trials

investigated the association of TP53 expression with the outcomes of mCRC

patients, but there was no consensus on the predictive value or prognostic impact

of nuclear TP53 overexpression. Furthermore, the results from studies that

examined mCRC and p53 status were inconsistent [28, 36]. Mice bearing tumors

derived from TP53-/- HCT116 human CRC cells were less responsive to anti-

angiogenic combination therapy than mice bearing isogenic TP53+/+ tumors.

Although it is thought that anti-angiogenic therapy targets genetically stable

endothelial cells in the tumor vasculature, genetic alterations that decrease the

vascular dependence of tumor cells can a�ect the therapeutic response of tumors

to this therapy.

1.5.6 Phosphatase and tensin homolog (PTEN)

Phosphatase and tensin homolog (PTEN) is a tumor-suppressing protein that

regulates the activity of the phosphatidylinositol (4,5)-bisphosphate 3-kinase

(i.e. v-akt murine thymoma viral oncogene homolog (AKT) 1) by convert-

ing phosphatidylinositol (3,4,5)-triphosphate back to phosphatidylinositol (4,5)-

bisphosphate. PTEN loss leads to AKT1-mediated hyperphosphorylation that

protects cells from apoptosis. Together with other proteins, PTEN loss is also

responsible for tumor angiogenesis [28]. PTEN expression was compared with

the bevacizumab response in 34 retrospectively collected mCRC tumor samples

but statistically signi�cant di�erences were not found [28].

1.5.7 Microtubule-associated protein 1 light chain 3

(MAP1LC3)

Autophagy is a survival pathway for cancer cells under conditions of cell stress.

As a consequence of anti-angiogenic therapy, solid tumors encounter hypoxia
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and imbalances in nutrient supply [50]. One essential protein for autophago-

some formation is microtubule-associated protein 1 light chain 3 (MAP1LC3)

[84]. Tumors from mice treated with bevacizumab, oxaliplatin, or both were

processed for immunostaining of MAP1LC3. Increased staining of this protein

in bevacizumab- and oxaliplatin-treated tumors was observed. Tumors were also

stained for blood vessels and cell viability, using a CD31 antibody and marker of

proliferation identi�ed by monoclonal antibody Ki-67 (Kiel, Germany; well 67)

(Ki67). Ki67 staining showed a lower number of proliferating cells in cell culture

when treated with a combination of bevacizumab, oxaliplatin and chloroquine

(an autophagy inhibitor) than without chloroquine [50]. The hypoxic e�ects

induced by bevacizumab in tumors in vivo might be critical to its therapeutic

action and autophagy might attenuate it. The response to DNA-damaging drugs

consists of the induction of autophagy as well, and its inhibition could sensitize

colon tumors to oxaliplatin [50].

1.5.8 Receptors to other growth factors than VEGFA cannot

predict response

As bevacizumab is always given with a chemotherapy backbone, a tumor's re-

sponsiveness to the chemotherapy could explain a lack of response to beva-

cizumab therapy. TYMS is a biomarker that could assess this trait, but con-

�icting results were obtained until now [39]. Hypoxia is the main driver of

angiogenesis in tumors and can be measured by CA9. CA9 seems to predict re-

sponse to bevacizumab therapy. Receptors to other growth factors than VEGFA,

such as EGFR and HER2, cannot predict response. Apoptosis is regulated by

many proteins, among others are TP53 and PTEN, and could explain resistance

to bevacizumab therapy. Hitherto, no association has been shown. Autophagy,

measured by MAP1LC3, could also explain resistance to bevacizumab therapy.
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1.6 Discussion

Immunohistochemical detection of proteins in cancer tissue o�ers much potential

for developing biomarkers as there are thousands of biomarker antibodies avail-

able [85]. It also allows not only the histological origin of the biomarker-positive

cell to be identi�ed but also indicates its function in vivo [86]. Nonetheless,

exploiting protein expression is not straightforward as it is in�uenced by many

laboratory processes and therefore, requires forethought and diligent handling

[85, 86]. We recommend a �t-for-purpose assay to manage the variations inher-

ent to an immunohistochemical assay for a complicated target and to allow for

comparisons between studies. The development of such an assay should con-

sider the following factors. Firstly, antibody speci�city should be determined and

established using appropriate cell or tissue controls. Most proteins have multi-

ple isoforms, which can di�er in functionality and the di�erentiation by IHC is

non-trivial [29, 30]. Secondly, stabilizing the proteins throughout the specimen

processing should also be carefully considered [87�89]. New systems that track

�xation time and temperature during sample processing can provide improve-

ment. Thirdly, the interpretation and scoring of the immunohistochemical stain

also results in several more decisions. Di�erent cell types may express the same

protein, but in di�erent quantities and locations, making it a valuable practice

to record the cell type and location in addition to the amount expressed [56, 59].

Whether the specimen examined originates from a primary tumor or a metastasis

also plays a role [90]. Primary tumors have a more complex molecular network

driving angiogenesis as compared to metastatic tumors. Even the timing of the

sampling in relation to metastasis (synchronous versus metachronous) can show

a di�erence [90]. These variations may be contributing factors to the current

lack of a de�nite predictive biomarker for bevacizumab therapy in mCRC. Many
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candidate biomarkers belong to the group of tumor intrinsic markers (group IV),

which are indirectly linked to angiogenesis and the response to bevacizumab ther-

apy. More research on the proteins of the other groups (I - III) is warranted. The

expression of these proteins frequently correlates with the therapeutic response

and they often have a direct link with angiogenesis and the mechanisms that

confer resistance to bevacizumab therapy. In addition, post-translational modi�-

cations need to be taken into account, e.g. the endothelial cell surface glycome

can activate VEGFA-like signaling by soluble galactoside-binding lectin 1 (GAL1)

[51]. The emerging applications of automatic image analysis in histopathology

and multiplex technologies, such as quantum dots [91], hyperspectral imaging

[92] and virtual multiplexing [93], may help to overcome the immunohistochem-

ical assay challenges mentioned above. Furthermore, these advanced techniques

can be used to assess di�erent combinations of markers that can adequately

characterize the type of tumor responses in situ, as a single marker is unlikely to

reveal the full complexity of angiogenesis in a tumor. The combination of sev-

eral markers on a single slide allows a 'high content' but also 'compact' analysis

of tumor regions. This high-content approach will preserve scarce tissue while

assessing and relating multiple targets in the same tumor region. Currently, im-

mune modulating therapies are emerging in cancer treatment. Since the immune

system has a dynamic relationship with angiogenesis and blood vessel function-

ing [51], immune-based therapies may advantageously a�ect the e�ciency of

anti-angiogenesis therapies. The dual and interconnected e�ects of vascular and

immune compartments complicate the hunt for biomarkers that forecast e�cacy

for these combination strategies. In conclusion, while some well-performed IHC-

based studies exist, there is a clear need to develop reliable new assays that

can encompass the complexities of the angiogenic pathway. The portfolio of

immunohistochemical biomarkers that predict for response or resistance to an-
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giogenic inhibitors such as bevacizumab will be required to leverage the recent

advances of image analysis and high-content methodologies.
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CHAPTER 2

Aims & Outline
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A prognostic biomarker informs about a likely cancer outcome (e.g. death) inde-

pendent of treatment received, whereas a biomarker is predictive if the treatment

e�ect (compared with control) is di�erent for biomarker-positive patients com-

pared with biomarker-negative patients [94]. It is therefore challenging to con-

duct a predictive biomarker trial because at least two comparison groups must

be available. The best setting to evaluate a predictive biomarker is a randomized

clinical trial (RCT) [95]. Ideally, a biomarker would be assessed prospectively.

Hitherto, a successful predictive biomarker has not yet been developed for any

of the anti-angiogenic treatments. This may be due to an incomplete under-

standing of the mechanism of action of the drug, the uncertainty about what

type of a biomarker is most relevant (e.g., DNA mutation, mRNA expression,

protein expression), and technical di�culties with biomarker assay development.

Typically, testing a biomarker is associated with two technical sources of error:

those occuring during the pre-analytical, and those during the analytical phase.

Inherent biological variation in the samples is also present, due to heterogeneity

in tumor and blood vessel growth patterns, as well as the dual and interconnected

e�ects of vascular and immune compartments. In addition, cancer treatment is

not uniform. It has a variable chemotherapy backbone and variations in dose

and schedule [96]. During this doctoral research (see Figure 2.1 for the thesis

outline) we have examined possible causes for the lack of a predictive tissue

biomarker for response to therapy with bevacizumab, rede�ning challenges as

opportunities along the way.
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Figure 2.1: Outline of the thesis. Currently, cancer patients, although being a heterogeneous popu-
lation consisting of responders (green) and non-responders (red), receive identical therapy warranting
predictive biomarkers. Chapter 1 of this thesis describes the lack of tissue biomarkers to predict re-
sponse to bevacizumab therapy (B) in metastatic colorectal cancer. The technical reasons for this are
being sought in Chapter 4 and Chapter 5. In Chapter 4 pre-analytical factors that can a�ect quality of
immunohistochemistry biomarkers are studied, while in Chapter 5 factors that a�ect the quanti�cation
of microvessel density (MVD) are studied. As angiogenesis is closely intertwined with immunology, the
latter's e�ect on the �rst is studied in Chapter 6. Results from these studies generate new opportuni-
ties in the search for a predictive biomarker for bevacizumab therapy, discussed in Chapter 7. When
successful, the proposed predictive biomarker can assign the right treatment to the right patients.
Bevacizumab-therapy would only be given to responders while non-responders receive other therapy
(X).

The challenges discussed in Chapter 1 led to the following research questions we

wanted to address in this thesis:

1. Which pre-analytical factors can a�ect the quality of immunohistochemical

stainings of angiogenic markers (Chapter 4)?

2. Which factors can a�ect the quanti�cation of immunohistochemical stain-

ing of an endothelial cell marker (Chapter 5)?
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3. Can we retrieve additional information from the existing methods for mi-

crovessel density quanti�cation (Chapter 5)?

4. Can the immune contexture have predictive value for therapy with beva-

cizumab in colorectal cancer (Chapter 6)?

All materials and methods used during this doctoral research are included in

Chapter 3.

One of the challenges in obtaining reproducible results through immunohisto-

chemistry (IHC) is the pre-analytical phase of samples, which is discussed in

Chapter 4. The duration and environmental temperature of the ischemic period

during surgery, �xation and stabilization of a sample can in�uence quality of

staining of a given marker. Two prospective studies were set up during which

non-cancerous colon samples were collected and processed under di�erent condi-

tions. We stained these samples for di�erent angiogenesis-related markers based

on the review of the literature (Chapter 1). The e�ect of the processing condi-

tions were measured with object-based image analysis.

Another challenge of IHC is its quanti�cation, which is discussed in Chapter 5.

As angiogenesis is often measured by counting the number of microvessels in

regions of tumor tissue, and as the endothelial cell-marker cluster of di�erenti-

ation (CD) 31 is robust to pre-analytical variation (Chapter 4), we studied the

intra- and inter-observer variability of such a method, in addition to its sam-

pling parameters. Multiple observers counted CD31-stained microvessels twice,

in multiple cancer types. Samples of colorectal cancer (CRC), glioblastoma

multiforme (GBM), renal cell carcinoma (RCC) and ovarian carcinoma (OC)

belonged to one of two heterogeneity groups. We also compared this manual

vessel counting method to an automated object-based image analysis in Chapter

5. Furthermore, we introduced a new dimension to CD31 as a marker in angio-
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genesis, which goes beyond straightforward vessel counting. This new method

can di�erentiate vessel patterns in di�erent histopathological growth patterns of

metastatic CRC (mCRC) in liver.

Investigating the immune in�ltrate in the tumor microenvironment is a promis-

ing approach to identify biomarkers in patients with colorectal liver metastases.

T cells and other immune cells facilitate the anti-tumoral immune response and

thereby in�uence clinical outcome in the treatment of CRC. Emerging data show

that vascular endothelial growth factor (VEGF) A and other factors involved

in angiogenesis have a signi�cant role in modulation of the immune system,

suggesting a potential role of immune response on the e�cacy of anti-VEGFA

targeted therapy. Therefore, in Chapter 6, we investigated the immune contex-

ture in di�erent histopathological growth patterns of colorectal liver metastases.

Tissue microarrays were made from samples containing normal liver and liver

mCRC tissue showing di�erent histopathological growth patterns. These tissue

microarrays were stained for di�erent markers of immune cells and VEGFA. The

close link of angiogenesis and immune response may make these markers poten-

tially relevant biomarkers in the treatment of metastatic colorectal cancer with

anti-VEGFA targeted treatment.

In Chapter 7, we make a proposal for a predictive biomarker setup based on these

results.
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CHAPTER 3

Materials & Methods

Adapted from:

� Marien K. M., Andries L., De Schepper S., Kockx M. M., De Meyer G. R.

AutoTag and AutoSnap: Standardized, semi-automatic capture of regions of

interest from whole slide images. MethodsX. 2015. 2: pp. 272�277.
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In the studies we performed, the same methodology was frequently used. This

methodology, as well as the source of the tissue samples, is described below.

3.1 Tissue samples

For the development and validation of a histological method to measure mi-

crovessel density in whole-slide images (WSIs) of cancer tissue (Chapter 5),

WSIs were made of existing sections stained for cluster of di�erentiation (CD)

31 from our database. Four types of cancers were selected: colorectal cancer

(CRC) (19 patients), glioblastoma multiforme (GBM) (20 patients), ovarian car-

cinoma (OC) (21 patients), and renal cell carcinoma (RCC) (22 patients). A

region of interest (ROI) is a selected area, sometimes of a prede�ned size, in

a stained tissue section which can be used for analysis. Only samples with an

area that could �t more than nine assessable ROIs (with a rectangular area equal

to 450 μm by 450 μm) were considered for selection. Finally, a set of samples

was selected based on a representation of both low and high microvessel density

heterogeneity in the study group. Assessment of heterogeneity is explained in

section 3.5 below.

Multiple formalin-�xed, para�n-embedded (FFPE) liver metastasis and normal

liver resection specimens from patients with CRC were collected in collaboration

with the Translational Cancer Research Unit (GZA Hospitals St. Augustinus and

CORE, University of Antwerp) and the Tumour Biology Team from the Break-

through Breast Cancer Research Centre (The Institute of Cancer Research) for

the study of the growth patterns of metastatic CRC (mCRC) (Chapter 5 and

Chapter 6). For the vessel clustering (Chapter 5), six samples with a desmoplas-

tic growth pattern were used for delineation of both the desmoplastic growth

pattern (n = 11) and normal liver (n = 11) ROIs. Five samples with a replace-
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ment growth pattern were used for delineation of the replacement growth pattern

(n = 14) ROIs. For the study of the immune contexture (Chapter 6), ten tissue

microarrays with 20 cores each were constructed with tissue originating from 60

patients with CRC.

Samples were coded to protect the privacy of patients. All samples were ob-

tained in accordance with the Helsinki Declaration of 1975 and approved by the

hospital ethics committee.

3.2 Tissue sectioning and processing

Tissue processing was done using the Tissue-Tek® Vacuum In�ltration

Processor® 5 and 6 (Sakura, Antwerp, Belgium), and embedding in para�n

blocks was done in a Clinical Laboratory Improvement Amendments (CLIA)-

certi�ed and Belgian Accreditation Organization (BELAC)- and College of Ameri-

can Pathologists (CAP)-accredited (ISO 15189) laboratory (HistoGeneX, Antwerp,

Belgium). Serial 5-μm sections were made from each tissue block at the same

accredited laboratory.

3.3 Immunohistochemistry assays

Immunohistochemistry (IHC) assays using 3,3'-diaminobenzidine (DAB) were

validated and carried out at HistoGeneX (Antwerp, Belgium). Sections were

stained for phosphorylated v-akt murine thymoma viral oncogene (pAKT) (clone

D9E; Cell Signaling Technology, Leiden, The Netherlands), neuropilin 1 (NRP1)

(clone C-19; Santa Cruz Biotechnology, Heidelberg, Germany), and vascular

endothelial growth factor (VEGF) A (clone SP28, Abcam, Cambridge, United

Kingdom) on the Lab Vision� Autostainer (ThermoFisher Scienti�c, Gent, Bel-
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gium), whereas CD31 (clone 1A10; Leica Biosystems, Diegem, Belgium), CD8

(clone C8/144B, Dako, Heverlee, Belgium), CD20 (clone L26, Ventana, Basel,

Schweiz), CD163 (clone MRQ-26, Ventana, Basel, Schweiz) and marker of prolif-

eration identi�ed by monoclonal antibody Ki-67 (Kiel, Germany; well 67) (Ki67)

(clone 30-9; Ventana, Basel, Schweiz) were stained using the Benchmark®

XT (Ventana, Basel, Schweiz). Programmed death-ligand 1 (PDL1) (clone

E1L3N, Cell Signaling Technology, Leiden, The Netherlands) was stained on

the Benchmark® ULTRA (Ventana, Basel, Schweiz).

3.3.1 CD31

For detection of human CD31, the mouse monoclonal antibody (clone 1A10)

from Leica Biosystems for FFPE tissue with the Benchmark® XT was used.

Eighteen cases from di�erent cancer types (CRC, OC, GBM, non-small cell lung

cancer (NSCLC) and melanoma) were stained with both clones 1A10 and clone

JC70A from Dako. The accuracy of clone JC70A was assessed by performing

western blotting of membrane preparations from a human spleen or normal hu-

man platelets. The antibody labeled bands of 100 kDa and 130 kDa, the latter

corresponding to classic CD31. The smaller band of 100 kDa observed with

the splenic preparation may be due to proteolytic breakdown or to variations

in glycosylation. Based on microvessel density measurements, concordance of

89% was reached for both clones and therefore, both clones can be used inter-

changeably. Dilutions of the primary antibody of 25x, 50x, 100x and 200x on

two CRC and two NSCLC specimens were used to assess linearity of the assay.

A dilution of 25x was preferred to ensure optimal signal-to-noise ratio and max-

imal detection of the target epitope showing intensities from 1+ to 3+ under

these conditions. A similar staining pattern was observed in all specimens on all

three di�erent positions in the automated stainer for two CRC specimens and
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four NSCLC specimens. Therefore, repeatability was excellent (concordance of

100%). Reproducibility, where serial slides are stained at di�erent time points,

was excellent as well (Figure 3.1).

3.4 Imaging and quanti�cation

3.4.1 Whole-slide imaging

All stained slides were scanned with whole-slide scanner Pannoramic SCAN

(3DHISTECH, Budapest, Hungary) to obtain a whole slide image. A 20x Plan

Apo objective (0.80 numerical aperture (NA)) and a Hitachi (HV-F22CL) charge-

coupled device (CCD) progressive scan color camera with a resulting image res-

olution of 0.23 μm/pixel were used. Joint Photographic Experts Group (JPEG)

image encoding with quality factor 80 and an interpolated focus distance of 15

with stitching in the scan options were chosen. For every slide a speci�c scan

pro�le was con�gured and holes in the scan area were �lled to allow for correct

detection of tissue and in-focus images of the tissue. Scanned images were ex-

amined in Pannoramic Viewer (3DHISTECH, Budapest, Hungary) to check for

image quality and to con�rm that the whole tissue section was captured.
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Figure 3.1: Same region in a colorectal cancer specimen, serially sectioned and stained twice for CD31 during two staining runs (A and B-D). Three serial sections were
stained in the same run on the same day (B-D). Another serial section was stained in another run on another day (A). A similar staining pattern can be observed in all
sections, evidencing excellent repeatability (same day) and reproducibility (di�erent days). Virtual multiplexing (TISSUEalign�, Visiopharm®) was used to automatically
align the four whole-slide images (A-D). Scale bar = 100 μm.
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3.4.2 AutoTag and AutoSnap

An automated solution was built for the creation of images combined with a

digital grid at the locations of the ROIs in WSIs (Figure 3.2) (Chapter 5).

Figure 3.2: Snapshots of regions of interest (ROIs) combined with a counting grid of a stained slide
can be produced semi-automatically and with full traceability. After the stained slide has been scanned
in the Pannoramic SCAN (3DHISTECH), quality control (QC) needs to be performed manually for
possible image quality issues (out-of-focus regions, incomplete images) in Pannoramic Viewer (3DHIS-
TECH). In the next step, point annotations are semi-automatically created in the whole-slide image
with AutoTag. Standardized snapshots of the ROIs can now be automatically created with AutoSnap
in Pannoramic Viewer. Finally, a digital grid in Photoshop and Bridge (Adobe Systems) is combined
with the snapshots of the ROIs.

When generating a point annotation in Pannoramic Viewer (build 1.15, 3DHIS-

TECH) at a chosen ROI (Figure 3.3), a name for the annotation is requested.

To automate repetitive tasks in a Microsoft Windows® environment, the open-

source macro-creation and automation software utility AutoHotkey can be used.

Semi-automatic naming of point annotations in Pannoramic Viewer during man-

ual annotation was performed with a self-written AutoHotkey script AutoTag

(see Appendix C.1) running in the background and monitoring the activity on

the screen. It names the point annotations with sequentially increasing numbers

starting from one (see Appendix C.1: lines 183 - 210), allowing fast genera-

tion of point annotations by merely clicking a number of locations in the image.

When all necessary point annotations are created, the magni�cation is asked by

the AutoTag application (see Appendix C.1: lines 104 - 142). In general, a 20x

magni�cation is su�cient for the correct identi�cation of microvessels. Finally,
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Figure 3.3: A whole-slide image (WSI) of a CD31-stained colorectal cancer sample was taken with
Pannoramic SCAN (A). Labeled callout boxes within the WSI indicate annotations of regions of interest
(ROIs) that were semi-automatically created with AutoTag. Subsequently, snapshots for each point
annotation were made with AutoSnap. Scale bar = 2000 μm. The resulting snapshot of ROI number
15 is displayed (B). The digital grid was generated with Adobe Photoshop®. Scale bar = 100 μm.

AutoTag generates a .txt �le that lists the processed samples in column one,

the number of semi-automatically created annotations in column two and the

magni�cation in column three (see Appendix C.1: lines 3 - 17). This �le can

be read by a second AutoHotkey application, named AutoSnap (see Appendix

C.1), allowing the automatic creation of images of all the 'AutoTagged' samples
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(Figure 3.3A). The point annotation will be in the exact center of the snap-

shot. The created images have a standardized name and are saved at a speci�ed

location (see Appendix C.1: lines 473 - 603), allowing batch processing and

eliminating the time-consuming process of image creation. To allow unbiased

counting of the microvessels, two digital grids with a transparent background

(5 by 5 �elds and 9 by 9 �elds, each 2500 μm2, for 40x and 20x magni�cation

respectively) were created in Adobe Photoshop® (see Appendix C.2). These

grids were applied to the images created with AutoSnap in a batch process with

Adobe Bridge® (Figure 3.3B) in which a self-written Photoshop® action (see

Appendix C.3) automatically pastes the grid as an extra image layer and saves

this as a new image.

Figure 3.4: Example of a region of interest captured in Pannoramic Viewer (3DHISTECH, Budapest,
Hungary) and combined with a digital 81-points grid in Adobe Photoshop CS4. CD31-stained vessel
pro�les in the grid were counted as N (green arrow). Vessel pro�les that cross the virtually extended left
or lower line of the grid were not counted (shaded green arrow). Grid points that hit a CD31-stained
vascular pro�le were counted as V (red arrow). Scale bar = 100 μm.
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3.4.3 Stereological point counting

All grid points overlapping with vessels (V) were counted, regardless of whether

the microvessels crossed the left or bottom outer grid lines (Figure 3.4). A grid

point, which was designated by two perpendicular cross-lines, was regarded as

overlapping a microvessel when it fell on an endothelial cell or a vessel lumen

(red arrows versus shaded red arrow in Figure 3.4). When, exceptionally, only

a single endothelial cell of a larger vessel was stained, all other endothelial cells

that line this vessel were nonetheless counted upon intersection. To establish a

reference area (Vref ), all grid points intersecting with tissue were counted. Small

necrotic zones within tumor structures or glandular lumens were considered as

cancer tissue. Only if more than 75% of the grid area (more than 60 out of the

81 grid points) covered tissue, the ROI was analysed. The unbiased estimation

of the microvessel areal fraction was calculated for each sample according to:

AA =
∑

i Vi∑
i Vi,ref

, with an i value from 1 to 15 ROIs, expressed as a percentage of

microvessels per area, with Vi the number of grid points overlapping with vessels

in ROI i and Vi,ref the number of grid points hitting tissue in ROI i [97].

3.4.4 Microvessel counting

Besides the stereological point counting, the microvessel density is captured by

our method (Chapter 5). The outer borders of the superimposed grid (Figure

3.4) [97] delineated the counting chamber [98]. Vascular structures crossing the

virtually extended left or bottom line of the grid were not counted. Regardless

of staining (shaded green arrows in Figure 3.4), the others were counted [98].

Initially counting rules were as follows: stained structures with a clear lumen

or without a lumen but larger than one tumor cell were counted. As such,

very small cross-sectioned capillaries without a clear lumen were not counted.

CD31 staining of suspected myo�broblast-like cells or of cells not belonging to
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a blood vessel was also excluded for counting. Because of high inter-observer

variability using these counting rules, new counting rules were de�ned in which

every CD31-positive object, no matter how small, should be counted, except sus-

pected CD31-positive monocytes, macrophages and tumor cells. Furthermore,

if CD31-positive objects were connected, they were considered a single object,

while segmentation of staining de�ned two or more separate objects. Microvessel

density was calculated for each sample according to: MVD =
∑

i Ni∑
i Vi,ref

, with an

i value from 1 to 15 ROIs, expressed as number of microvessels per area, with

Ni the number of counted vessels in ROI i and Vi,ref the number of grid points

hitting tissue in ROI i [97].

3.4.5 Intra- and inter-observer variability, and impact of the

chosen locations of the regions of interest

For the development and validation of the new vessel counting method, two ob-

servers trained and experienced in counting microvessels performed initial mea-

surements (Chapter 5). Four additional observers, two of which did not have

previous experience in vessel counting and two pathologists, were trained (30

minutes) and performed measurements on the same set of samples to assess

inter-observer variability. Systematic uniform random sampling (SURS) of 15

ROIs in the WSIs was done twice with Pannoramic Viewer (3DHISTECH, Bu-

dapest, Hungary) by one observer using a 20x magni�cation (Figure 3.4) assisted

by the AutoTag and AutoSnap applications [97]. The second group of ROIs did

not overlap with the ROIs from the �rst group. The �rst group of ROIs was

used for assessing the intra- and inter-observer variability, while the second group

was used for the inter-ROI variability. Guided by a pathology report of the clos-

est haematoxylin and eosin-stained section, regions were taken in viable tumor

tissue according to the SURS principle, but regions with abundant necrosis,
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in�ammation, or ulceration were discarded. All images were analyzed on iden-

tical, color-calibrated displays. To assess intra-observer variability, vessels were

counted at two di�erent time points (with an interval period of one month) to

allow washout of the visual memory [99]. A web-based viewer (Pathomation

BVBA, Antwerp, Belgium) was used to guarantee traceability when analyzing

the grid-combined images of the ROIs. Pathomation software allows combining

data forms and WSI in the same viewport assuring that measurement results and

the sample IDs stay unequivocally linked.

3.4.6 Minimum number of regions of interest for accurate

microvessel density measurements

Twenty-�ve ROIs were chosen in a CD31-stained slide (Figure 3.3). Microvessel

densities (MVD =
∑

i Ni∑
i Vi,ref

with an i value from 1 to 25 ROIs, expressed

as number of microvessels per area, with Ni the number of counted vessels

in ROI i and Vi,ref the number of grid points hitting tissue in ROI i) were

calculated 1000 times by resampling from the pool of 25 ROIs. The coe�cient

of variation (CV) was plotted versus the number of ROIs (Figure 5.5). A trend

line of the form f(x) = ax−b was added and the �rst derivative of this function

(f ′(x) = −abx−b−1) was used to de�ne the minimum number of ROIs required.

The local derivative must be smaller than 0.50%.

3.4.7 Object-based image analysis

All object-based image analysis was done with the commercial software De�niens�

(De�niens AG, Munich, Germany).
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Staining intensity of nuclei

Manual delineation of ROIs in one part of the colon tissue (mucosa) was done

by drawing polygons in the WSIs (Figure 4.4). Only regions with longitudinal

sectioned mucosa and without Peyer's patches were considered, as the proliferat-

ing immune cells would bias the results. Tissue processing and imaging artifacts

such as ruptured tissue, dirt or out-of-focus regions were excluded. Automated

object-based image analysis for the study of the pre-analytical phase was con�g-

ured in De�niens� Architect - Tissue Studio® (version 3.5.1). Cellular analysis

in Tissue Studio® was carried out at 10x magni�cation (Figure 4.5D). Nucleus

detection was done with 0.2 as hematoxylin and 0.5 as Ki67 thresholds [100].

Typical nucleus size was set to 60 μm2. The average IHC marker intensity of

nuclei was calculated by dividing the sum of all DAB image layer pixel values

belonging to nucleus objects by the number of pixels and the number of nucleus

objects (Figure 4.5D). The intensity of an image object equals the average of the

brightness in the red image layer, plus the brightness in the green image layer,

plus the brightness in the blue image layer divided by three over all the pixels in

the image object. The intensity is rescaled from its original range (0,255) to the

new range (0,1) (user manual De�niens� Tissue Studio®).

Marker area and Histological Score

Manual delineation of ROIs in two di�erent layers of the colon tissue (mucosa

and submucosa) was done by drawing polygons in the images (Figure 4.4). Only

regions without Peyer's patches were considered, as the immune cells would bias

the results. Tissue processing and imaging artifacts such as ruptured tissue, dirt

or out-of-focus regions were excluded. Automated object-based image analysis

for the study of the pre-analytical phase was con�gured in De�niens� Architect

- Tissue Studio® (version 3.6.1; De�niens AG, Munich, Germany). Cellular
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analysis in Tissue Studio® was carried out at 6.6x magni�cation (Figure 4.5B

and Figure 4.6B, D). Marker area detection was done with 0.25 (pAKT), or 0.3

(CD31, NRP1) as marker thresholds depending on the general intensity of the

staining and background. Minimum marker area for inclusion was 20 μm2. The

detected marker areas (Figure 4.5B and Figure 4.6B, D) were classi�ed in low

(intensity < 0.6), medium (0.6 < intensity < 1.0) or high (intensity > 1.0)

intensity. The Histological Score was calculated as (1x low intensity relative area

(IRA) (%)) + (2x medium IRA (%)) + (3x high IRA (%)) [101] (user manual

De�niens� Tissue Studio®).

Blood vessel analysis

For the comparison of a manual analysis with an automatic analysis of microves-

sel density (Chapter 5), images of the exact same region under the grids were

imported into De�niens� as for the manual analysis. These images were created

with the image viewer IrfanView (Vienna University of Technology, Austria) by

cropping the original images without grid to the 720 pixels x 720 pixels area un-

derneath the grid in a batch operation. The resulting Windows Bitmap (BMP)

images had a resolution of 0.62 μm/pixel (Figure 3.5A). The automatic method

consisted of the Blood Vessel Analysis algorithm of De�niens� Architect - Tissue

Studio®. The settings of the algorithm were optimized for each cancer type.

E.g. the following settings were used for CRC: IHC Marker = Membrane, Mag-

ni�cation = 20x, IHC Threshold = 0.20, Min Stain Area = 175, Gap to close

= 8. The segmentation and classi�cation results (Figure 3.5B) from the Blood

Vessel Analysis algorithm were imported into De�niens� Developer to remove

vessel objects that cross the left or bottom line of the grid, similar to the manual

analysis stereological rules (section 3.4.4).

For the unsupervised spatial modelling of blood vessel patterns (Chapter 5), au-
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Figure 3.5: A region of interest in CD31-stained primary colorectal cancer tissue used for manual
analysis (A). Results of the automated analysis on the same region (B). The algorithm detects vessels
without lumen (only purple) and vessels with lumen (purple and green). Some parts of the region have
been excluded for analysis (grey). Scale bar = 100 μm.

tomated image analysis on the WSIs was con�gured in De�niens� Developer

for the detection of DAB-stained vessels (see Appendix C.4). Threshold-based

vessel segmentation in the liver and in both the desmoplastic growth pattern and

replacement growth pattern ROI was carried out. Wrongly-classi�ed vessel ob-

jects that actually were DAB-stained immune cells and tumor cells were removed

manually to improve accuracy.

Marker analysis in the invasive margin

For the quanti�cation of CD8, CD20, and CD163 in the four ROIs (Chapter

6) an adapted marker analysis in a self-written action library (Appendix C.4)

in De�niens� Architect was used (Figure 3.6). The semi-automatic �ow pro-

grammed in the action library consisted of the following steps: �rstly, the tumor

ROI was drawn as indicated by a pathologist. After con�rmation of the tumor

ROI, two endpoints were added to the tumor ROI outline to draw an invasive

margin. The invasive margin is de�ned as margin of tumor area adjacent to the

normal tissue where the tumor cells are invading the normal tissue. Large blood

vessels, folds and other artifacts were excluded. Next, two invasive margin ROIs
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are generated by the action library with a depth equal to 150 μm (CD163) or

500 μm (CD8, CD20) for optimal segmentation and classi�cation of DAB-stained

immune cells. Finally, a normal liver ROI was drawn manually resulting in four

ROIs: tumor core, invasive margin at tumor side, invasive margin at normal liver

side, and adjacent normal liver. The annotated WSIs were analyzed by a marker

area detection ruleset with parameters optimized for every staining to give the

relative marker area to total ROI area (%) as result.

Figure 3.6: Result of the manual delineation of di�erent regions of interest in a tissue microarray-core
containing a colorectal cancer metastasis in liver. Image of a CD8-stained tissue microarray-core with
high number of immune cells at the invasive margin (A). After importing the whole-slide image into
De�niens� we delineated the tumor core (red), invasive margin at tumor side (yellow), invasive margin
at normal liver side (green), and adjacent normal liver (pink) (B). Artifacts and whitespace (blue and
grey) were discarded from the subsequent analysis. Depth of invasive margin is 500 μm. Scale bar =
1000 μm.

3.5 Data visualization and statistical analysis

Visualization of data was performed in R (version 3.2) [102] with the ggplot2

package [103]. XY plots with prediction intervals, Bland-Altman plots and Tukey

boxplots were constructed in R. The upper and lower hinges of the boxplots

correspond to the �rst and third quantiles (the 25th and 75th percentiles). The

lower and upper whisker of the boxplots extend from the hinge to the respectively

lowest, highest value that is within 1.5 times the interquartile range of the hinge.
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Points in the boxplots that are beyond the end of the whiskers are outliers.

However, outliers beyond more than three times the interquartile range from the

hinges are extreme values and are plotted as asterisks. Linear regression with

95% con�dence intervals were constructed with the geom_smooth() function

in R. The estimated coe�cients and corresponding (two-sided) p-values were

calculated with the summary.lm() functions in R. Heterogeneity of microvessel

distribution was determined for every cancer type by calculating the di�erence

between the minimum and maximum number of counted microvessels per ROI

(N) in one sample. Heterogeneity was considered low or high when this di�erence

was respectively below or above the median of the calculated di�erences for all

the samples in the database of that cancer type. The average of two repeated

measurements for each of the two observers was used for the calculation of inter-

observer variability. The intra-class correlation coe�cient (ICC) was calculated

by using the icc(ratings, ...) function from the irr package [104] in R. A two-

way model and type agreement was chosen. The unit of analysis for N and V

was 'unit', whereas for QA and AA it was 'average'. One-way ANOVA with

Tukey honest signi�cant di�erences as post-hoc test were computed in R for

the means of the normalized number of clusters. Two-way ANOVA and paired

Student t-test were also performed in R. The minimum number of ROIs required

for analysis of microvessel density was calculated in R using random sampling

with replacement, also known as bootstrapping (Figure 5.5) [97]. Mixed models

were �tted with JMP Pro (version 12, SAS Institute Inc.). The mean value

and the standard deviation were calculated. A p-value < 0.05 was considered

signi�cant.
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CHAPTER 4

The pre-analytical phase can a�ect the

quality of immunohistochemistry of

angiogenesis-related proteins

in human colon tissue

Adapted from:

� Marien K. M., Van Acker N., De Schepper S., Willemsen P., Declercq S., Seyen

T., Sels D., Andries L., Kockx M. M., De Meyer G. R. Y. The pre-analytical

phase can a�ect immunohistochemistry of angiogenesis-related proteins in hu-

man colon tissue. Manuscript submitted to The Journal of Histochemistry &

Cytochemistry. 2016
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Using immunohistochemistry (IHC) for the study of protein function is challeng-

ing as the pre-analytical phase of samples can inadvertently a�ect the staining

results. Pre-analytical factors include: the duration of and environmental tem-

perature during the ischemic period after surgery, subsequent �xation in formalin

and further stabilization in ethanol. This chapter combines the results of two

prospective studies in which colon samples were collected and processed under

di�erent conditions. Several angiogenesis-related markers, discussed in

Chapter 1, were selected for staining in these samples. The e�ect of processing

conditions were measured objectively with image analysis software.

4.1 Introduction

The diagnosis and treatment of cancer often relies on the assessment of tissue

biomarkers [106�108]. IHC is a powerful and cheap method for quanti�cation of

tissue biomarkers, but is in�uenced by the analytical and pre-analytical conditions

during sample processing [109]. Standardization and/or control of these phases

is necessary to ensure relevant and reproducible outputs. These biomarkers are

key in determining personalized treatment of a patient. Therefore, the quality

assurance of biomarker assays is essential [110].

The most important cause of false-positive and false-negative biomarker results is

an inadequate pre-analytical phase during tissue processing [88, 111]. For exam-

ple, it has been estimated that delayed formalin-�xation and subsequent protein

degradation within the tissue are responsible for a 10 - 20% false-negative rate

for estrogen receptor (ER) in breast cancer [112]. The American Society of Clin-

ical Oncologists (ASCO) and the College of American Pathologists (CAP) have

published guidelines for the evaluation of human epidermal growth factor recep-

tor 2 (HER2), ER and progesterone receptor (PR) in breast cancer, where they

state that cold ischemic time should be limited to 60 minutes and �xation time
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to 6 - 24 hours [113, 114]. Loss of antigenicity of phosphorylated proteins, in-

creased levels of hypoxia-induced factors, RNA degradation and time-dependent

modulation of gene expression can occur as a result of suboptimal pre-analytical

conditions [89, 108, 115�120].

E�orts have been made to construct an intrinsic control for formalin-�xed,

para�n-embedded (FFPE) tissue to assess suitability of a given specimen of

unknown quality for immunological assessments [112]. This control consisted of

four antibodies for heat shock protein family B (small) member 1 (HSPB1), cy-

tokeratins and phosphorylated mitogen-activated protein kinase (MAPK). Their

relative changes were correlated with expression levels of ER. However, the test

su�ers from low sensitivity and speci�city for prediction (area under the curve

(AUC) = 0.6 - 0.7) and was only tested in breast cancer [112]. The authors also

discuss that a speci�c test for every selected epitope and time window is needed

[112]. Others have developed a reference image-based method [121]. Control

tissue blocks with known, suboptimal, pre-analytical history were stained, and

the results compared with reference images of the same staining of optimal pro-

cessed samples. These images are stored in a central database for easy retrieval.

In this way no in�uence of time-dependent degradation during storage on the

staining is present. Depending on the results, they adapted the analytical phase

of these IHC protocols by adjusting the antibody dilution and/or the antigen

retrieval method. This resulted in a reduction of the observed IHC intensity �uc-

tuations, although these were not entirely eliminated. In addition, the authors

proposed �xation in cold (4 °C) formalin for exactly 24 hours, followed by cold

95% ethanol, before further processing and para�n-embedding.

Predictive tissue biomarkers for anti-angiogenic therapy are currently lacking,

but many candidates have been studied [1]. Unsurprisingly, studies of candidate

predictive tissue biomarker for anti-angiogenic treatment in cancer also su�er
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from pre-analytical phase in�uences [1, 122�124]. For some of these candidates,

validated assays were available at our lab: phosphorylated v-akt murine thymoma

viral oncogene (pAKT) [28], cluster of di�erentiation (CD) 31 [125], marker of

proliferation identi�ed by monoclonal antibody Ki-67 (Kiel, Germany; well 67)

(Ki67) [126], and neuropilin 1 (NRP1) [67]. We have evaluated the expression of

these angiogenesis-related proteins in human colon tissue samples processed with

controlled, but variable pre-analytical conditions. In general, tissue samples were

excised from patients and transported, at room temperature or cooled (4 °C), to

the pathology lab where they were �xated and left to stabilize in ethanol, prior

to para�n embedding. We investigated whether controlled �uctuations in one

or more of these three steps a�ected the quality of IHC staining of angiogenesis

markers with objective image analysis software.

4.2 Materials and methods

4.2.1 Tissue samples and processing conditions

In collaboration with the General Surgery division of the ZNA Middelheim Hospi-

tal (Antwerp, Belgium) partial colectomies were performed through laparotomy

or laparoscopy. Together with the Anatomo-Pathology division of the same

hospital, we prospectively rescued non-malignant, left-over colon tissue, that

otherwise would be medical waste (EC/PC/avl/2016.003). Only when a pathol-

ogist con�rmed there was enough left-over tissue available, a patient sample was

included in the study.

Twenty-�ve patient samples were strati�ed to one of two groups (Group A: �rst

ten patients, Figure 4.1; or Group B: last �fteen patients, Figure 4.2) (Table

4.1). The tissue resection from a patient was divided into di�erent subsamples

of equal size (slices of 5 mm x 10 mm x 15 mm). Dependent on the Group-
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Table 4.1: Experimental design. Fresh samples from ten patients were assigned to group A and
samples from �fteen patients were assigned to group B. Every fresh sample was cut into smaller pieces
dependent on the group-membership (Group). These smaller pieces (Sample ID) were processed under
di�erent conditions (CI Temperature, CI Time, Fixation Time, and Stabilization Time) resulting in a
fractional factorial design. The exact duration of each phase was logged with a datalogger. These
exact measurements were used for the �nal analysis.

Group Sample ID CI Temperature CI Time Fixation Time Stabilization Time

A 1 18 - 25 °C < 45 min 6 h < 3 days
2 18 - 25 °C < 45 min 24 h < 3 days
3 18 - 25 °C < 45 min 48 h < 3 days
4 18 - 25 °C < 45 min 5 days < 3 days
5 18 - 25 °C < 45 min 24 h 1 week
6 18 - 25 °C < 45 min 24 h 5 weeks
7 18 - 25 °C < 45 min 24 h 3 months

B 1 2 - 8 °C < 1 h 24 h < 2 weeks
2 18 - 25 °C < 1 h 24 h < 2 weeks
3 2 - 8 °C 1 h 24 h < 2 weeks
4 18 - 25 °C 1 h 24 h < 2 weeks
5 2 - 8 °C 2 h 24 h < 2 weeks
6 18 - 25 °C 2 h 24 h < 2 weeks
7 2 - 8 °C 16 h 24 h < 2 weeks
8 18 - 25 °C 16 h 24 h < 2 weeks
9 2 - 8 °C 72 h 24 h < 2 weeks
10 18 - 25 °C 72 h 24 h < 2 weeks

CI: cold ischemia; ID: identi�er

membership and its Sample ID, we aimed to process a subsample according to

speci�c, prede�ned pre-analytical conditions (Table 4.1).

The exact duration and temperature during each phase for all subsamples was

tracked with a non-commercially available datalogger (Figure 4.3) [127, 128].

These exact measurements were used for the �nal analysis.

Several, but not all subsamples, were stained for an angiogenesis marker: 38,

43, 46, and 36 tissue fragments from respectively 7, 6, 8, and 6 di�erent Group

A-patients were stained for respectively pAKT, CD31, Ki67, and NRP1, while

168 tissue fragments from 6 di�erent Group B-patients were stained for Ki67.
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Figure 4.1: Laboratory processes for Group A samples from one patient. Non-malignant, left-over colon tissue collected after a partial colectomy experienced controlled
cold ischemia (18 - 25 °C, < 45 min). Next, the tissue sample was divided into seven subsamples of equal size (5 mm x 10 mm x 15 mm). Every subsample was
processed with di�erent conditions (e.g. subsample 1 was �xated for six hours and stabilized for less than three days). Finally, a selection of subsamples from each set
of conditions were sectioned and stained for four markers: pAKT, CD31, Ki67 and NRP1.
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Figure 4.2: Laboratory processes for Group B samples from one patient. Non-malignant, left-over colon tissue collected after a partial colectomy was divided into ten
samples of equal size (5 mm x 10 mm x 15 mm). Every sample was processed with di�erent conditions (e.g. sample 1 had a cold ischemia period of less than one hour
at 2 - 8 °C). Next, the samples were �xated for 24 hours and stabilized for less than two weeks. Finally, a selection of samples were sectioned and stained for Ki67.
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Figure 4.3: The TriMolFix datalogger. The exact duration and temperature during each phase for all samples was tracked with this non-commercially available datalogger.
Left: the TriMolFix vial, �lled with �xative and programmed with a sample ID is ready to receive a sample. Center: after division of a sample, the subsample is placed into
a TriMolFix tissue cassette. Right: when the tissue cassette is inserted into the lid of the TriMolFix vial, the datalogger is activated and can track time and temperature.
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4.2.2 Methods

The methods are described in Chapter 3.

4.3 Results

4.3.1 Staining prevalence

A subset of the muscle cells, vessels, enterocytes and plexi were stained by pAKT

(Figure 4.5A).

The nuclei of cells at the base of the crypts in the mucosa were Ki67-positive

(Figure 4.5C). When Peyer's patches were present, proliferating lymphocytes

were also Ki67-positive.

Only a subset of vessels stained positive for NRP1 (Figure 4.6A). Neurons of the

enteric nervous system in the muscle layers were NRP1-positive. In mucosa and

submucosa macrophages and �broblasts stained as well for NRP1. A subset of

the neuro-endocrine cells in the mucosa were also NRP1-positive. Between the

crypts we believe mast cells also stained positive which as far as we know, is

not described yet. Additionally, in lymphoid aggregates there was positivity for

NRP1.

The CD31 IHC assay stained all vessels in our samples as expected (Figure 4.6C).
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Figure 4.4: The delineation of the two regions of interest (orange: mucosa, blue: submucosa) was done in De�niens� Tissue Studio®. Imaging and staining artifacts
must not be selected during this phase as they can produce false-positive results. Lumina and other holes in the tissue must not be selected as they a�ect the relative
marker area. Scale bar = 500 μm.
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Table 4.2: The e�ect of induced variability during the pre-analytical phase on angiogenesis markers
for every region of interest in human colon tissue.

staining ROI cold ischemia time �xation time stabilization time

temperature 4 ◦C RT

CD31
mucosa NA NS NS NS

submucosa NA NS NS NS

Ki67 mucosa increase* increase* NS NS

NRP1
mucosa NA NS NS increase*

submucosa NA NS NS NS

pAKT
mucosa NA NS NS NS

submucosa NA decrease* NS NS

ROI: region of interest; RT: room temperature (18−25 ◦C); CD31: cluster of di�erentiation 31; Ki67:
marker of proliferation identi�ed by monoclonal antibody Ki�67 (Kiel, Germany; well 67); NRP1:
neuropilin 1; pAKT: phosphorylated v-akt murine thymoma viral oncogene; NA: not available; NS: not
signi�cant; *: signi�cant deviation (Student t-test: p < 0.05)

4.3.2 Pre-analytics

Despite the variable excision, transportation and dissecting times, relative short

cold ischemia times were obtained through good communication between the

pathology lab and the operating room.

To model the di�erent in�uences on the three stainings, linear mixed-e�ects

models were �tted. In each model, a random intercept term for patient was

included to account for the dependence between observations within the same

patient. The CD31-, NRP1- and pAKT-models included the following �xed

e�ects: cold ischemia time, �xation time, natural logarithm of stabilization time,

and region of interest (ROI), while the Ki67-model also included the cold ischemia

temperature and its interaction terms with the natural logarithm of stabilization

time and the cold ischemia time. The Ki67-model did not include the ROI as

only the mucosa was analyzed.

There was a signi�cant e�ect on the Histological Score of CD31 by ROI (p <

0.05). A post-hoc Tukey honestly signi�cant di�erence (HSD) test showed a
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Figure 4.5: Immunohistochemical staining of human colon tissue for angiogenesis markers. Examples
of the manual region of interest delineation and analysis results in De�niens� Tissue Studio®. The
original images for phosphorylated v-akt murine thymoma viral oncogene (A) and marker of proliferation
identi�ed by monoclonal antibody Ki-67 (Kiel, Germany; well 67) (C) show several cells stained (brown)
for the markers (detailed description in the text: section 4.3.1). The marker area analysis results (B)
show which parts of the image were used for the calculation of the Histological Score (green: low
intensity, orange: medium intensity, red: high intensity). The nuclear analysis results (D) show which
nuclei in the image were used for the calculation of the average intensity of the marker (yellow: included,
blue: excluded). Scale bar = 100 μm.
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Figure 4.6: Immunohistochemical staining of human colon tissue for angiogenesis markers. Examples
of the manual region of interest delineation and analysis results in De�niens� Tissue Studio®. The
original images for neuropilin 1 (A) and CD31 (C) show several cells stained (brown) for the markers
(detailed description in the text: section 4.3.1). The marker area analysis results (B,D) show which
parts of the image were used for the calculation of the Histological Score (green: low intensity, orange:
medium intensity, red: high intensity). Scale bar = 100 μm.
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Figure 4.7: Tukey boxplots showing a mean di�erence of 7.13 between the Histological Score (H-
Score) of CD31 of the mucosa and submucosa regions of interest. However, the magnitude of this
di�erence depends on the patient (A - F) as in patients A - C and F the H-Score in the submucosa is
almost equal to the H-Score in the mucosa, while in patients D and E the H-Score is markedly higher
in the submucosa compared to the mucosa (∗). Outliers are plotted as points (•).

signi�cant mean ± SE di�erence of 7.13 ± 2.71 between the mucosa (128.56

± 3.16) and submucosa (135.69 ± 3.12) (p < 0.05). This resulted in a change

of 5.55% for the maximal H Score measured in the mucosa. However, this is

a population-based metric and results varied between patients (Figure 4.7). No

e�ect from cold ischemia, �xation or stabilization time was noted (Table 4.2).

There was a signi�cant e�ect on the average IHC intensity of Ki67 by cold

ischemia time (mean di�erence per hour = 4.31e-04 ± 2.12e-04 (or 0.22% of the

maximal measured intensity), p < 0.05) (Table 4.2 and Figure 4.8). However,

the magnitude of this di�erence for the average IHC intensity is not relevant

in practice and therefore we conclude that we can disregard the e�ect of cold

77



Figure 4.8: Cold ischemia time does a�ect the performance of immunohistochemistry assessment of
marker of proliferation identi�ed by monoclonal antibody Ki-67 (Kiel, Germany; well 67) (Ki67), but
the e�ect can be disregarded. The quanti�cation results for every condition (see Table 4.1) for every
patient is plotted as a point (•). A smoother based on a linear model with 95% con�dence interval
was constructed for every patient (see legend).

ischemia time for Ki67. We also saw that results from samples kept at 4 °C

during the cold ischemia period showed a smaller e�ect compared with those

kept at 20 °C (Figure 4.8).

There was a signi�cant e�ect on the Histological Score of NRP1 by ROI (p <

0.001). A post-hoc Tukey HSD test showed a signi�cant mean di�erence of

8.79 ± 2.17 between the mucosa and submucosa (p < 0.001) (Figure 4.9). This

resulted in a change of 8.16% for the maximal H Score measured in the submu-

cosa. When the data were split by ROI, a signi�cant e�ect of the stabilization

time was noted in the mucosa (mean di�erence per hour = 1.96 ± 0.78 (or
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Figure 4.9: Tukey boxplots showing a mean di�erence of 8.79 between the Histological Score of
neuropilin 1 (NRP1) of the mucosa and submucosa regions of interest. However, the magnitude of
this di�erence depends on the patient (A - F). Outliers are plotted as points (•) and extreme values
are plotted as asterisks (∗).

1.26% of the maximal measured H Score), p < 0.05), but not in the submucosa

(Table 4.2 and Figure 4.10).

79



Figure 4.10: Stabilization time does a�ect the performance of immunohistochemistry assessment of
neuropilin 1 (NRP1) in the mucosa, but not in the submucosa. The quanti�cation results for every
condition (see Table 4.1) for every patient is plotted as a point (•). A smoother based on a linear
model with 95% con�dence interval was constructed for every patient (see legend).
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Figure 4.11: Tukey boxplots showing a mean di�erence of 15.13 between the Histological Score of
phosphorylated v-akt murine thymoma viral oncogene (pAKT) of the mucosa and submucosa regions
of interest. However, the magnitude of this di�erence depends on the patient (A - G). Outliers are
plotted as points (•) and extreme values are plotted as asterisks (∗).

There was a signi�cant e�ect on the Histological Score of pAKT by ROI (p

< 0.001). A post-hoc Tukey HSD test showed a signi�cant mean di�erence

of 15.13 ± 2.50 between the mucosa and submucosa (p < 0.0001) (Figure

4.11). This resulted in a change of 9.7% for the maximal H Score measured in

the mucosa. When the data were split by ROI, a signi�cant e�ect of the cold

ischemia time (mean di�erence per hour = -61.60 ± 25.45 (or 39.62% of the

maximal measured H Score) , p < 0.05) was noted in the submucosa, but not

in the mucosa (Table 4.2 and Figure 4.12). Because all the samples from the

same patient have identical cold ischemia times, no e�ect from the patient was

expected.
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Figure 4.12: Cold ischemia time does a�ect the performance of immunohistochemistry assessment
of phosphorylated v-akt murine thymoma viral oncogene (pAKT) in the submucosa, but not in the
mucosa. The quanti�cation results for every condition (see Table 4.1) for every patient is plotted as a
point (•). A smoother based on a linear model with 95% con�dence interval was constructed.
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4.4 Discussion

We studied, for the �rst time, the e�ect of four often underestimated pre-

analytical variables on the immunohistochemical detection of four angiogenesis-

related proteins in colon tissue. We measured the intensity and relative area of

the staining with automated object-based image analysis thereby eliminating ob-

server subjectivity and variability. In general, our results show that most proteins

examined in this study are sensitive to variation in pre-analytical tissue handling

conditions.

The CD31 IHC assay can be used for vessel counting in tissue by aiding in the

recognition of vessels [1, 129�132]. Therefore, intensity of staining is less impor-

tant in such analyses. Nevertheless, our results showed that CD31 staining can

be performed successfully on samples with highly variable pre-analytical condi-

tions. Another study showed that �xation times of one, three, and ten days gave

similar grade 3 scores for CD31-stained canine tissues [133]. In other words,

this study combined with the results of others, demonstrates that, due to its

robustness, CD31 may be one of the most valuable targets in terms of reliability

and inter-study consistency.

Ki67 staining has proven its clinical validity in cancer research and clinical trials

[134]. It is used for decision making in oncology practice, e.g. in neuroen-

docrine tumor, despite some problems in reproducibility [135]. Standardized

scoring methods were recently evaluated [136]. Although their data are encour-

aging, clinically important discrepancies persist. We showed here that the Ki67

staining intensity is sensitive to cold ischemia time, however we �nd that the

magnitude of this e�ect is not relevant in practice. In addition, care must be

taken when creating the ROIs as the inclusion of lamina propria regions with a lot

of proliferating lymphocytes can a�ect the results. When studying suboptimal
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pre-analytical conditions, the structure of the nuclei is poor. Therefore, no area-

based measurements can be used as incorrect segmentation of the nuclei can

a�ect the results. We used the average intensity of the staining as this should

be robust to the poor morphological structure of the nuclei. Previously, Ki67-

positivity in core-needle biopsies has been compared between brief (45 mins)

and longer (60 - 90 mins) �xation times [137]. These authors concluded that

the observed di�erences were mainly caused by inter-observer variation. Others

showed that Ki67 quanti�cation was not a�ected by ischemia time [88, 108].

However, as opposed to the �ndings of our study, Ki67 labeling index (LI) was

reduced in some degree when time to �xation was delayed [138]. Insu�cient

�xation caused dramatic reduction of Ki67 LI. As Ki67 staining is located in

the nucleus, further study of other pre-analytical factors such as heat-induced

epitope retrieval must be carried out.

The co-receptor NRP1 binds vascular endothelial growth factor (VEGF)A and

vascular endothelial growth factor receptor (VEGFR)2, resulting in increased

a�nity of VEGFA for VEGFR2 [27, 67]. Co-expression of NRP1 and VEGFR2

on endothelial cells and tumor cells promotes angiogenesis and vascular devel-

opment [67]. Therefore, the NRP1 IHC assay is frequently used in clinical trials

for assessment of tumor cells and blood vessels in tumor. We did not �nd other

studies reporting about the stability of NRP1 IHC derived results in relation to

pre-analytical variables. Our study showed that the only pre-analytical condition

that truly a�ects NRP1 staining was stabilization time. NRP1 is a robust marker

when the stabilization step can be skipped and immediate para�n embedding

can be performed.

In response to VEGFA binding, VEGFR2 initiates signaling through phosphory-

lation of v-akt murine thymoma viral oncogene homolog (AKT) [139]. Signaling

through these pathways promotes proliferation, survival and chemotaxis in en-
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dothelial cells and ultimately, produces the characteristic e�ects of VEGFA on

vessels, such as increased vascular permeability [139]. Endothelial cells can be

activated not only by VEGFA binding with VEGFR2 but also by other angiogenic

ligands interacting with their cognate receptors. Phosphorylation of AKT in ves-

sels may function as a general indicator of angiogenesis [139]. In colon, pAKT

measurement in the submucosa was decreased by prolonged ischemia time at

room temperature (RT). This was also seen in xenograft tissues where signals

for AKT phosphorylation slightly decreased with increasing ischemia time (0 -

90 mins) [140]. Similar conclusions were made when comparing expression be-

tween tumor resections and core needle biopsies, where the latter experienced

shorter ischemia and �xation times [88]. However, others reported no di�erence

between less than 17 minutes and one hour ischemia [141]. In a previous study,

results indicated �xation a�ected the �nal results [117]. The phosphorylated

protein pAKT de�nitely seems to be a�ected by ischemia time and therefore,

this variable needs to be standardized before credible results can be derived from

pAKT IHC.

Azimi-Nezhad and colleagues studied VEGFA staining by using muscle biopsies

[142]. Each biopsy was split into three sections and snap frozen at 15, 30, and

60 min, after removal. Fluorescence density was measured in the cytoplasm of

muscle �bers. Mean standardized �uorescence intensities were not signi�cantly

di�erent among the three time points. Also in xenograft tissues where vascular

occlusion (warm ischemia) with di�erent time periods ranging from 0 up to 24

h was used, VEGFA was stained and quanti�ed [143]. No in�uence of hypoxia

was noted for intensity of VEGFA, but interestingly, stain area was signi�cantly

reduced throughout the experiment.

Taken together, previous studies have shown contradicting results. Therefore,

other biological (e.g. isoforms) or technical (e.g. IHC assay) variables had to be
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studied. Our study has some limitations as it focused on normal tissue. How-

ever, we are convinced that the conclusions of this study cover the e�ect of

the pre-analytical phase on IHC staining in tumor tissue. Furthermore, we used

colon tissue which contains muscle layers. The contracting muscle layers inside

our samples induced transformation of the other layers (mucosa, submucosa) as

well. Ideally, a chemical treatment of the samples must be used to prevent con-

traction of the muscles. We recommend to standardize samples for cold ischemia

time and if this is not entirely possible, at least keep samples after they have

been resected during surgery at 4 ◦C. If possible, prolonged stabilization must

be avoided. Furthermore, results from studies conducted on archival tissue sam-

ples with unknown pre-analytical conditions, must be interpreted carefully when

sensitive proteins were stained. We can, however, trust results where CD31 IHC

staining was used as the quality of this staining was not a�ected by cold is-

chemia time or temperature, �xation time or stabilization time. This in contrast

to Ki67, NRP1 and phosphorylated AKT which were a�ected by cold ischemia

time (Ki67, phosphorylated AKT) or temperature (Ki67), or stabilization time

(NRP1). In conclusion, we demonstrated that pre-analytical conditions a�ect the

staining of most of angiogenesis biomarkers in colon and that standardization

and/or control of the pre-analytical phase is necessary.
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CHAPTER 5

Development and validation of histological

methods to quantify blood vessel

characteristics in whole-slide images of

cancer tissue

Adapted from:

� Marien K., Croons V., Waumans Y., Sluydts E., De Schepper S., Andries L.,

Waelput W., Fransen E., Vermeulen P., Kockx M., De Meyer G. Development and

Validation of a Histological Method to Measure Microvessel Density in Whole-

Slide Images of Cancer Tissue. PloS one. 2016. 11 (9): pp. 1�20.

� Bais C., Mueller B., Brady M., Mannel R., Burger R., Wei W., Marien K., Kockx

M., Husain A., Birrer M. Tumor Microvessel Density as a Potential Predictive

Marker for Bevacizumab Bene�t: GOG-0218 biomarker analyses. Manuscript

submitted to Journal of the National Cancer Institute. 2016
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In the previous chapter, we showed how cluster of di�erentiation (CD) 31 may be

one of the most valuable markers in terms of reliability due to its robustness under

di�erent pre-analytical circumstances. CD31 is most often employed in oncology

studies to measure angiogenesis by way of counting the number of microvessels

in regions of tumor tissue. The number of microvessels per area of tumor tissue

is called the microvessel density. We investigate analytical variability introduced

by using this method. We present a new, traceable and automated method for

systematic uniform random sampling (SURS) and show that by using stringent

counting rules, microvessel density can be reliably measured in di�erent types of

cancer. In addition, microvessel density measured with our method is shown to

be predictive in patients treated with bevacizumab for epithelial ovarian cancer

from the randomized phase III trial GOG-0218. We follow up with attempts to

increase the throughput of this measuring method by automating the microvessel

counting with object-based image analysis software. Finally, we introduce a new

dimension to CD31 as a marker in angiogenesis by exploring vessel patterns

and applying this to two di�erent growth patterns of metastatic CRC (mCRC)

samples in liver.

5.1 Introduction

Tumor growth can only be achieved when su�cient blood vessels are present in

the tumor environment. Two major processes ensure su�cient blood supply in

tumor tissue: sprouting angiogenesis or, alternatively, co-option of existing blood

vessels of the host [146]. Angiogenesis is triggered by vascular endothelial growth

factor (VEGF) A, which is produced in the tumor [4]. The molecular mechanisms

of vascular co-option, on the other hand, have not been fully elucidated yet. The

most frequently used technique to quantify the result of angiogenesis or vascular

co-option in a tumor section is based on measuring the microvessel density, i.e.
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counting the microvessels at a high magni�cation (200x - 400x) in a prede�ned

number of �elds resulting in the number of microvessels per tumor area [147�

150]. In previous studies, microvessel density has been quanti�ed in several

cancer types (e.g. colorectal cancer (CRC), glioblastoma multiforme (GBM),

ovarian carcinoma (OC) and renal cell carcinoma (RCC) (Table 5.1)) and found

to be prognostic for survival [151, 152]. However, data have been highly variable

(e.g. di�erent unit of measurement was used) and therefore di�cult to compare,

as illustrated by the mean microvessel density in CRC ranging from 6 to 351

across several studies. In order to visualize microvessels, tumor sections are

stained immunohistochemically for one or more pan-endothelial markers, such as

CD31 , CD34, von Willebrand factor, endoglin, and/or coagulation factor VIII

[130�132, 153, 154].

In general, microvessel counting is performed in a fraction of the total tumor

area determined by a sampling method. The sampling method most often used

is the vascular hotspot method (Weidner's method) [192]. One to �ve areas with

the highest density of microvessels (hotspots) are selected at low magni�cation,

and vessels are counted in these areas at high magni�cation [129]. Another

sampling method is systematic uniform random sampling (SURS) [193]. In this

method, a random position in the tissue section is chosen as the �rst region of

interest (ROI). Then, the positions of the other ROIs are chosen in such a way

that the whole tumor area is covered uniformly, but the distance between two

ROIs must be the same. As far as we know, the optimal number of ROIs for

microvessel density measurement have not been established yet. The systematic

uniform random sampling (SURS) method has previously been compared with

other schemes, such as the hotspot method [193]. At the intra-observer level,

the methods have variations of the same magnitude (coe�cient of variation (CV)

around 20%) [193]. At the inter-observer level, the SURS estimate of microves-
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Table 5.1: Results of di�erent vessel counting methods in four cancer types. Studies di�er in staining
of the vessels, number of regions of interest, magni�cation, number of observers, unit of measurement
and study size.

Cancer type Method Stain ROIs Magn Obs mean ± SD MVD med MVD n Ref

CRC C CD34 4 200 2 NA 4 30 [155]
C CD34 3 200 1-2 NA 8 235 [31]
R CD31 10 200 1 71 ± 22 NA 242 [32]
R CD31 5 320 1 18 ± 12 15 106 [156]
W CD31 3 200 2 114 ± 56 NA 210 [152]
W VWF 5 200 2 21 ± 12 NA 132 [157]
W CD31 3 400 2 19 ± 8 NA 87 [158]
W CD34 3 400 1 32 ± 15 28 60 [159]
W CD31 5 100 1 35 ± 4 30 40 [160]
W CD31 5 200 1 NA 75 116 [161]

W+CIAS CD105 2 200 1 6 ± 5 5 15 [162]
W+CIAS CD31 3-4 400 2 351 ± 40 NA 4 [163]

GBM C CD34 5 200 1 5 NA 62 [164]
R CD34 5 200 1 NA 56 62 [164]
W CD34 1 200 1 NA 67 233 [165]
W CD34 1 200 3 NA 84 114 [166]
W VWF 3 200 2 33 ± 36 NA 55 [167]
W CD34 3 200 1 84 NA 54 [168]
W CD105 5 200 2 NA 31 40 [169]
W collagen IV 1 250 1 200 NA 20 [170]
W VWF 3 400 1 21 ± 12 NA 16 [171]
W CD31 10 100 2 >100 NA 12 [172]

RCC R CD31/34 10 200 2-4 53 NA 70 [173]
W CD31 2 250 1 NA 10 208 [131]
W CD34 3 200 1 102 ± 23 NA 128 [174]
W F8 1 400 1 741 ± 394 NA 97 [175]
W CD34 5 400 2 98 ± 63 NA 70 [176]
W CD31 8 400 1 NA 25 62 [177]
W CD34 5 200 2 49 ± 20 NA 46 [178]
W CD34 5 200 2 142 NA 36 [179]

W+CIAS CD34 5 200 1 NA 124 87 [180]
W+CIAS CD31 5 200 1 278 ± 62 NA 18 [181]

OC NA CD31 NA NA NA 14 ± 7 12 94 [182]
R+CIAS VWF max NA 1 NA 39 235 [183]

W CD31 3 200 1 21 NA 190 [184]
W CD34 4 200 1 NA 21 40 [185]
W CD34 6 200 2 NA 12 113 [186]
W CD34 5 200 1 62 ± 22 NA 62 [187]
W CD34 5 400 2 5 ± 1 NA 91 [188]
W CD34 3 200 2 NA 30 213 [189]
W CD31 3 400 1 NA 14 41 [190]

W+CIAS CD31 4 NA 1 35 ± 13 NA 46 [191]
W+CIAS VWF max NA 1 NA 88 235 [183]

C: Chalkley, CD: cluster of di�erentiation, CIAS: computer image analysis system, CRC: colorectal
cancer, F8: coagulation factor VIII, GBM: glioblastoma multiforme, Magn: total magni�cation used,
max: maximum possible, med: median, MVD: microvessel density, NA: not available, Obs: number
of observers, OC: ovarian cancer, R: Random, RCC: renal cell cancer, Ref: reference number, SD:
standard deviation, VWF: von Willebrand factor, W: Weidner

91



sel density from the whole tumor section and the hotspot method had the lowest

variation (CV around 21%) with a small contribution by observers alone (CV 8%

to 9%) [193]. The SURS estimate was however the most reliable method to pick

up microvessel density di�erences between study subjects [193, 194].

We adapted the SURS method and selected a limited number of, at least �ve,

ROIs on each whole-slide image (WSI). A major drawback is that this sampling

method is considered labor- and time-intensive and, therefore, it is not often

used [193]. At present, SURS has only been extensively studied in breast can-

cer [132, 193, 195], without applying digital tools to automate the process and

without a thorough validation that is necessary for clinical use [1, 149]. We have

therefore developed and validated a method to measure microvessel density by

using computer-assisted manual SURS of WSIs of cancer tissue, named AutoTag

and AutoSnap, which reduces workload and guarantees full traceability [97]. We

examined the impact of the number of ROIs used and of the location of these

ROIs on the counting results.

In the generated ROIs we measured besides microvessel density, another pa-

rameter by using an unbiased array of test points (grid) separated by constant

distances. To calculate microvessel density, the number of vessel pro�les (N) was

counted. An additional parameter was calculated by using the number of points

in the grid hitting a vessel pro�le (V) [98]. Combining these measurements from

all ROIs of one patient sample, two summary parameters can be calculated: the

number of vessel pro�les per area (microvessel density, MVD) and the number of

grid points overlapping with vessels per area (areal fraction of the vessels, AA)

[98].

We studied intra- and inter-observer variability of this counting method in tissue

sections of four di�erent cancer types and in samples that have di�erent spatial
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distributions of blood vessels. Besides manual image analysis, automated im-

age analysis with computer programs can be attempted. The latter eliminates

human subjectivity and enhances reproducibility [196]. Sullivan and colleagues

have used the commercial software 'Automated Quantitative Analysis' (AQUA)

to assess microvessel area in �uorescent cytokeratin- and CD31-stained samples

from breast cancer patients [197]. Another approach would be to use Cytomine,

an internet application where a vessel classi�er can be trained with a machine

learning algorithm based on user-made annotations [198]. AngioPath [199] and

CAIMAN [200] are programs speci�cally developed for tackling the task of mi-

crovessel counting. Other algorithms have been developed as well [163, 181,

201�207]. As not all of these algorithms o�er a high-throughput solution, are

not compatible with WSIs or do not allow the counting of meaningful vessel ob-

jects, we used the commercial object-based image analysis software De�niens�

with high-throughput capability and WSI-compatibility. Downside is that the

underlying algorithms of commercial software are rather speci�c and poorly de-

scribed, which does not allow to directly reproduce the image analyses with other

software or to improve them by reprogramming. The major limitation of image

analysis relates to its accuracy, which we therefore tested.

Despite promising results with regard to predictive value [208], microvessel den-

sity is but a one-dimensional parameter. It says nothing about histological pat-

terns of tumor and its blood vessels. However, these patterns may contain

important biological and clinical information. For instance, liver frequently hosts

metastases in patients with CRC. Di�erent histopathological growth patterns at

the tumor-liver interface have been described for these metastases: desmoplastic

growth pattern, pushing growth pattern and replacement growth pattern (Figure

5.1) [209].
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While the desmoplastic growth pattern is characterized by desmoplasia, in�am-

mation and, importantly, sprouting angiogenesis, in the replacement growth pat-

tern tumor cells �replace� the hepatocytes and co-opt the sinusoidal blood vessels

of the liver without eliciting sprouting angiogenesis [210, 211]. This results into

dilution of the sinusoidal blood vessel pattern (no hotspots) in the replacement

growth pattern.

Importantly, other studies [46, 146] as well as unpublished data (personal com-

munication Peter Vermeulen and Andrew Reynolds, January 2016) suggest that

patients with replacement growth pattern liver metastases respond poorly to be-

vacizumab, when compared to patients with desmoplastic growth pattern liver

metastases. This is most likely because bevacizumab can only inhibit sprouting

angiogenesis and does not target the co-opted sinusoidal blood vessels.

In order to provide further evidence that the mechanism of tumor vascularisation

is di�erent in desmoplastic growth pattern metastases as compared to replace-

ment growth pattern metastases, we performed unsupervised spatial modeling

of blood vessel patterns in patient samples of CRC liver metastases in the cur-

rent study. The assessment of the histopathological growth pattern could be an

important part of a multiplex, or even multimodality, predictive biomarker test

for anti-angiogenic treatment.

5.2 Methods

CD31 is most often employed to measure angiogenesis by way of counting the

number of microvessels in regions of tumor tissue allowing calculation of the mi-

crovessel density. Our method has been described in detail in sections 3.4.3 and

3.4.4. Here, we introduce a new dimension to CD31 as a marker in angiogenesis,

which goes beyond straightforward vessel counting and takes into account vessel

patterns (Figure 5.2).
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Figure 5.1: The three dominant histopathological growth patterns of liver metastases of solid tumors. In the desmoplastic growth pattern (left), a band of desmoplastic
tissue separates tumor cells and the liver parenchyma. In metastases with a pushing growth pattern (mid), the liver cell plates are pushed aside by the metastases.
The replacement growth pattern (bottom right) shows metastatic cells in�ltrating the liver parenchyma without any disturbance of the preexisting liver structure at the
interface. When the tumor cells are in the sinusoids, it is called a sinusoidal growth pattern (top right). Mixed patterns consisting of characteristics of more than one
histopathological growth pattern are occasionally observed [209].
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5.2.1 Unsupervised spatial clustering of blood vessel patterns

Representative ROIs of the di�erent tumor growth patterns and normal liver

were selected at the tumor-liver interface by a pathologist in which the spatial

clustering was performed.

Only regions without portal triads, pre-existing large vessels, staining artifacts

or excessive in�ammation were chosen. The central tumor region in a sample

showing a desmoplastic growth pattern is clearly angiogenic. This is not always

the case for the central tumor region in a sample showing a replacement growth

pattern: it can be angiogenic or non-angiogenic. Therefore, we sampled both the

desmoplastic rim and the central tumor region of samples with a desmoplastic

growth pattern. In the samples with a replacement growth pattern, we would

introduce additional variability by sampling the central tumor region, and there-

fore only close to the interface ROIs were sampled. The centroid, or geometric

center, of a two-dimensional object is the arithmetic mean position of all the

points in the object. Informally, it is the point at which an in�nitesimally thin

cutout of the object could be perfectly balanced on the tip of a pin (assuming

uniform density and a uniform gravitational �eld). After exporting the coordi-

nates of the centroids of all vessel objects with De�niens� (section 3.4.7), they

were used in a simpli�ed 'SeedLink' clustering method [212]. Creating a cluster

is an iterative process (Figure 5.2). First, the maximum non-outlier value of the

distribution of the distances between all nearest neighbors in the sample is cal-

culated. Then, when a vessel object has at least three neighbors in its spherical

neighborhood (which has a radius equal to the maximum non-outlier value) it

becomes a 'core-object'. A 'density-reachable object' is a vessel object that is

one of the minimum three neighbors of a core-object, but is not a core-object

itself.
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Figure 5.2: Microvessel density and microvessel cluster measurements in context. top: Microvessel
density measurement in a region of interest gives two stereological estimates (number (N) and volume
(V)) of the amount of vessels in tumor tissue. mid: Creating a cluster is an iterative process. First,
the maximum non-outlier value of the distribution of the distances between all nearest neighbors
in the sample is calculated. Then, when a vessel object has a least three neighbors in its spherical
neighborhood (black circle) (which has a radius (black arrow) equal to the maximum non-outlier value)
it becomes a 'core-object' (red). A 'density-reachable object' (green) is a vessel object that is one of
the minimum three neighbors of a core-object, but is not a core-object itself. A cluster is de�ned as the
core-objects together with the density-reachable objects belonging to the same neighborhood [212].
bottom: Vessel clustering measurement (NNC = normalized number of clusters) (bottom) can give
additional insight into the growth pattern of the vessels, for example desmoplastic versus replacement
growth pattern (Section 5.2.1).
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A cluster is de�ned as the core-objects together with the density-reachable ob-

jects belonging to the same neighborhood. The method was performed in R

(version 3.2) with the dbscan package [213]. For every ROI, the number of

clusters was normalized to (divided by) the number of vessel objects present in

the ROI.

The other methods are described in Chapter 3.

5.3 Results

5.3.1 Spatial distribution of the blood vessels

The magnitudes of microvessel density, areal fraction of the vessels and hetero-

geneity was dependent on the cancer type (Table 5.2). The calculated hetero-

geneities of the spatial distribution of the microvessels were also visible in the

images of the tumor tissue sections from the two groups (Figures 5.3 and 5.4).

For example, in GBM, hotspots and/or 'garlands' could be more readily rec-

ognized in strongly heterogeneous samples compared to weakly heterogeneous

samples (Figure 5.3). In RCC, highly vascularized regions can be uniformly dis-

tributed or are heterogeneously present across the tumor area (Figure 5.4).

5.3.2 Impact of the chosen locations of the regions of interest

Comparing microvessel density and areal fraction of the vessels for two groups

of non-overlapping ROIs (n = 15) in the same sample (n = 6) revealed that

the choice of locations of the ROIs only a�ected areal fraction of the vessels.

For these two groups, the calculated intra-class correlation coe�cients (ICCs)

for microvessel density were always above or equal to 0.8 (CRC: 0.9, GBM:

1.0, OC: 1.0, and RCC: 0.8), whereas the ICCs for areal fraction of the vessels

were signi�cantly lower (CRC: 0.6, GBM: 0.6, OC: 0.7, and RCC: 0.7) (p <

0.01; paired Student t-test). The areal fraction of the vessels was sensitive to
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Table 5.2: Spatial distribution of the blood vessels in di�erent cancer types measured with di�erent
parameters.

Cancer Type Parameter Average ± SD

CRC MVD 76 ± 21
AA (3.87 ± 1.18)%
het 21 ± 8

GBM MVD 65 ± 30
AA (4.70 ± 2.38)%
het 22 ± 11

OC MVD 43 ± 13
AA (2.99 ± 1.84)%
het 21 ± 6

RCC MVD 112 ± 50
AA (11.92 ± 6.74)%
het 31 ± 20

AA: the microvessel areal fraction based on all Vs of one sample (15 regions of interest (ROIs)),
Average: the mean (MVD and AA) or the median (het), CRC: colorectal cancer, GBM: glioblastoma
multiforme, het: heterogeneity measured as the maximum di�erence between the Ns of one sample,
Range: range showing the minimum and maximum of the parameter, OC: ovarian cancer, MVD: the
microvessel density based on all Ns of one sample (15 ROIs) (vessels per mm2), SD: standard deviation,
RCC: renal cell cancer

the choice of locations of the ROIs, whereas the microvessel density was more

robust.

5.3.3 Minimum number of regions of interest for accurate

microvessel density measurements

A plot from a bootstrap analysis showed higher variation at lower number com-

pared to higher number of ROIs [97]. Creating these graphs (Figure 5.5) for

19 CRCs, 22 RCCs, 21 GBMs, and 21 OCs, counting ten ROIs appears to be

su�cient for accurate microvessel density measurements [97].

Highly heterogeneous samples require more ROIs compared to samples with low

heterogeneity (Figure 5.6). A relationship was established by two-way ANOVA

(CRC: F(1,35) = 1.65, p > 0.05; GBM: F(1,37) = 21.70, p < 0.001; OC:

F(1,39) = 6.71, p < 0.05; RCC: F(1,41) = 7.79, p < 0.01). On average, the
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Figure 5.3: Histological heterogeneity of CD31-stained blood vessels in glioblastoma multiforme (A-B
(microvessel density (MVD) = 15 vessels per mm2, AA = 1.56%), C-D (MVD = 77 vessels per mm2,
AA = 3.70%)). Low (A, B) heterogeneous samples showed a uniform distribution of vessel pro�les
as compared to high (C, D) heterogeneous samples. Hotspots and garlands (arrows) were more easily
recognized in heterogeneous than in homogeneous samples. Scale bar = 500 μm (A, C) or scale bar
= 100 μm (B, D).

minimum number of ROIs required was �ve for OC, seven for CRC and GBM,

and nine for RCC.
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Figure 5.4: Histological heterogeneity of CD31-stained blood vessels in renal cell carcinoma (A-B
(microvessel density (MVD) = 183 vessels per mm2, AA = 13.10%), C-D (MVD = 81 vessels per
mm2, AA = 6.17%)). Low (A, B) heterogeneous samples showed a uniform distribution of vessel
pro�les as compared to high (C, D) heterogeneous samples. Scale bar = 500 μm (A, C) or scale bar
= 100 μm (B, D).

101



Figure 5.5: Calculation of the minimum number of regions of interest (ROIs) required for analysis of
microvessel density (MVD). Twenty-�ve ROIs were chosen in a CD31-stained colorectal cancer slide
(see Figure 3.3). Random sampling with replacement (i.e. bootstrapping) was carried out 1000 times
for the calculation of MVDs (expressed as number of microvessels per area). The coe�cient of variation
was plotted versus the number of ROIs (f(x) = 0.44x−0.42, R2 = 0.99). The �rst derivative of this
function (f ′(x) = −0.19x−1.42) was used to de�ne the minimum number of ROIs required. This value
was reached when the di�erence between two consecutive local derivatives was smaller than 0.50% (in
the example shown, the minimum number of ROIs required was six (arrow)).
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Figure 5.6: Tukey boxplots illustrating the relationship between the mean minimum number of re-
gions of interest (ROIs) and the topological blood vessel heterogeneity of the sample for every cancer
type: colorectal cancer (CRC), glioblastoma multiforme (GBM), ovarian cancer (OC), and renal cell
cancer (RCC). If the topological blood vessel heterogeneity of the samples increased (low < high), the
minimum number of ROIs on average increased as well. Paired Student t-test: ***p < 0.001, **p <
0.01, *p < 0.05.
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5.3.4 Intra-observer variability

The ICC was calculated for the number of microvessel pro�les in one ROI (N), the

microvessel density based on these Ns of the same sample (15 ROIs) (MVD),

the number of grid points overlapping with vessels in one ROI (V) and the

microvessel areal fraction based on all Vs of the same sample (15 ROIs) (AA).

All ICC-values for the four parameters (N and MVD, V and AA) in the four

cancer types and for both observers were higher than 0.7 (Table 5.3), which is

generally considered the minimal acceptable reliability [214]. Importantly, 81%

of ICC-values were higher than 0.9, which is considered excellent concordance

[214]. The ICC-values for CRC were lowest, those for GBM highest. MVD and

AA showed lowest intra-observer variability compared to number of vessels in

one ROI (N) and number of points hitting a vessel in one ROI (V).

5.3.5 Inter-observer variability

Inter-observer variability ICC-values for the four parameters (N and MVD, V

and AA) did not exceed 0.7 in all four cancer types (Table 5.4). The variability

of MVD (Figure 5.7), and AA (Figure 5.8) was large in the CRC samples, which

might be due to a large systematic bias between the observers.

Therefore, a third trained and experienced observer quanti�ed the samples. The

ICC-values for the variability between observer two and three were better (0.9,

0.8, 0.9, and 0.8 for respectively N , MVD, V , and AA), but this was not the

case between observer one and two, and observer one and three.

Therefore, a series of consensus trainings (three hours in total) was held in which

the most discrepant cases were discussed. Accordingly, the following new count-

ing rules (v2) were proposed: every CD31-positive object, no matter how small,

should be counted, except suspected CD31-positive monocytes, macrophages

and tumor cells. Identi�cation of these cell types is not straightforward. For
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Table 5.3: Intra-observer variability for the old counting rules calculated by the intraclass correlation
coe�cient (ICC) between the counting of round one and two of observers 1 and 2 (ICC1 and ICC2)
for the four di�erent cancer types and the four di�erent parameters.

Cancer type Parameter Samples ICC1 ICC2

CRC V 285 0.85 [0.78 - 0.89] 0.91 [0.86 - 0.94]
N 285 0.93 [0.89 - 0.95] 0.94 [0.92 - 0.96]

MVD 19 0.92 [0.79 - 0.97] 0.98 [0.95 - 0.99]
AA 19 0.87 [0.66 - 0.93] 0.96 [0.88 - 0.98]

GBM V 300 0.94 [0.92 - 0.95] 0.93 [0.90 - 0.94]
N 300 0.92 [0.90 - 0.94] 0.97 [0.96 - 0.97]

MVD 20 0.98 [0.91 - 0.99] 0.99 [0.97 - 1.00]
AA 20 0.98 [0.95 - 0.99] 0.98 [0.92 - 0.99]

OC V 315 0.90 [0.84 - 0.93] 0.92 [0.88 - 0.95]
N 315 0.89 [0.84 - 0.92] 0.91 [0.87 - 0.94]

MVD 21 0.97 [0.94 - 0.99] 0.96 [0.91 - 0.98]
AA 21 0.97 [0.93 - 0.98] 0.98 [0.88 - 0.99]

RCC V 330 0.88 [0.84 - 0.92] 0.95 [0.94 - 0.97]
N 330 0.87 [0.84 - 0.91] 0.92 [0.90 - 0.94]

MVD 22 0.95 [0.89 - 0.97] 0.96 [0.91 - 0.98]
AA 22 0.97 [0.94 - 0.99] 0.99 [0.99 - 1.00]

AA: the microvessel areal fraction based on all Vs of one sample (15 regions of interest (ROIs)), CRC:
colorectal cancer, GBM: glioblastoma multiforme, [LoCI - UpCI]: the 95% lower and upper con�dence
intervals, N: the number of microvessel pro�les in one ROI, OC: ovarian cancer, MVD: the microvessel
density based on all Ns of one sample (15 ROIs), RCC: renal cell cancer, V: the number of grid points
overlapping with vessels in one ROI
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Figure 5.7: Inter-observer variation for the old counting rules (v1) between observer 1 and 2 for col-
orectal cancer samples displayed by Bland-Altman (A, C) and prediction plots with prediction intervals
(two black lines) (B, D) for the number of vessel pro�les (N) (A,B) and the microvessel density (MVD)
(C,D). A systematic bias for MVD (C) was present as illustrated by the Bland-Altman plot (con�dence
interval does not contain zero). Also the prediction plot (D) shows large di�erences between the
results of both observers (large distance between the x = y line (black and dashed) and the linear
regression line of the measurements (red)). These observations necessitated consensus training with
the observers.

example, very dense in�ammation prohibits accurate counting. Furthermore,

if CD31-positive objects were connected, they were considered a single object,

while absence of staining de�ned two or more separate objects.

Using these new counting rules (v2), three observers (including one pathologist)

counted all OC samples and the CRC samples which showed highly discrepant

inter-observer counts when the initial counting rules (v1) were used. A fourth

observer (a pathologist) counted only the OC samples. Both pathologists rec-

ommended the exclusion of one sample from each set (OC1 and CRC7) as there

were too many CD31-positive in�ammatory cells. The ICC-values measuring
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Figure 5.8: Inter-observer variation for the old counting rules (v1) between observer 1 and 2 for col-
orectal cancer samples displayed by Bland-Altman (A, C) and prediction plots with prediction intervals
(two black lines) (B, D) for the number of points in the grid hitting a vessel pro�le (V ) (A, B) and the
areal fraction of vessel pro�les (AA) (C, D). The prediction plot for AA (D) shows large di�erences
between the results of both observers (large distance between the x = y line (black and dashed) and the
linear regression line of the measurements (red)). These observations necessitated consensus training
with the observers.

inter-observer variability for these four observers were all greater than 0.7. Im-

portantly, more than half of ICC-values exceeded 0.8 (Table 5.5). The parameters

MVD and AA showed lower inter-observer variability compared to N and V.

In conclusion, the new counting rules (v2) drastically improved the inter-observer

variability (Table 5.5).

5.3.6 Accuracy of an automated vessel counting algorithm

Even though our results show that using stringent counting rules for manual

vessel counting produces reliable results, it still requires training and it remains

107



Table 5.4: Inter-observer variability for the old counting rules calculated by the intraclass correlation
coe�cient (ICC) between the averaged countings of observer 1 and 2.

Cancer type Parameter Samples ICC

CRC V 285 0.76 [0.65 - 0.83]
N 285 0.54 [0.45 - 0.63]
QA 19 0.24 [0.09 - 0.40]
AA 19 0.38 [0.05 - 0.63]

GBM V 300 0.86 [0.83 - 0.89]
N 300 0.73 [0.67 - 0.78]
QA 20 0.60 [0.35 - 0.75]
AA 20 0.80 [0.56 - 0.85]

OC V 315 0.85 [0.80 - 0.89]
N 315 0.70 [0.62 - 0.76]
QA 21 0.51 [0.33 - 0.63]
AA 21 0.74 [0.65 - 0.86]

RCC V 330 0.64 [0.58 - 0.71]
N 330 0.73 [0.69 - 0.77]
QA 22 0.70 [0.57 - 0.80]
AA 22 0.58 [0.44 - 0.70]

AA: the microvessel areal fraction based on all Vs of one sample (15 regions of interest (ROIs)), CRC:
colorectal cancer, GBM: glioblastoma multiforme, [LoCI - UpCI]: the 95% lower and upper con�dence
intervals, N: the number of microvessel pro�les in one ROI, OC: ovarian cancer, QA: the microvessel
density based on all Ns of one sample (15 ROIs), RCC: renal cell cancer, V: the number of grid points
overlapping with vessels in one ROI

Table 5.5: Inter-observer variability for the new counting rules calculated by the intraclass correlation
coe�cient (ICC) between the countings of observer 1, 4, 5 and 6.

Cancer type Parameter Samples ICC1 ICC2 ICC3 ICC4 ICC5 ICC6

Observers 1 - 4 1 - 5 4 - 5 1 - 6 5 - 6 4 - 6

CRC N 270 0.90 0.85 0.74 NA NA NA
V 270 0.85 0.80 0.72 NA NA NA
QA 18 0.91 0.82 0.70 NA NA NA
AA 18 0.90 0.77 0.72 NA NA NA

OC N 300 0.92 0.71 0.79 0.73 0.81 0.83
V 300 0.84 0.88 0.84 0.83 0.87 0.78
QA 20 0.95 0.72 0.81 0.77 0.89 0.89
AA 20 0.94 0.97 0.95 0.89 0.93 0.84

AA: the microvessel areal fraction based on V in one sample (15 regions of interest (ROIs)), CRC:
colorectal cancer, N: the number of microvessel pro�les in one ROI, NA: not available, OC: ovarian
cancer, QA: the microvessel density based on N in one sample (15 ROIs), V: the number of grid points
overlapping with vessels in one ROI
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time-consuming. Therefore, an automated vessel counting algorithm was devel-

oped and compared to the manual alternative.

Accuracy of the algorithm was not only dependent on the sample, but also on

the cancer type (ICC for CRC: 0.38, GBM: 0.04, OC: 0.23, RCC: 0.80) and in

RCC, the level of topological heterogeneity (ICC for low: 0.92 (p < 0.05), high:

0.65 (p < 0.05)). In RCC the accuracy improved when heterogeneity decreased.

Mainly, the following issues undermined accuracy of the Blood Vessel Analysis

algorithm: non-speci�c staining of non-vessel cells or structures (e.g. immune

cells), and artifacts such as out-of-focus regions, dust particles, glass scratches

or dirt that were classi�ed as CD31-positive by the algorithm. Moreover, due

to the varying vessel morphology and di�erent sectioning angles it was not pos-

sible to have one algorithm detect all the vessel shapes and sizes. In addition,

when vessels were cross-sectioned, the CD31-staining does not continuously line

the vessel structures, but is segmented as the protein is expressed at the tight

junction area of endothelial cells [215].

5.3.7 Unsupervised spatial clustering of blood vessel patterns:

additional evidence for non-angiogenic growth

Eleven regions were selected for each of the two growth patterns and normal

liver in multiple samples (Figure 5.9). The desmoplastic growth pattern con-

tained more false-positive vessel objects than the replacement growth pattern

and normal liver, probably caused by the higher number of immune cells in the

rim region in the desmoplastic growth pattern.

There was a statistically signi�cant di�erence between the growth patterns as

determined by one-way ANOVA (F(2,22) = 10.8, p < 0.001). Post-hoc pairwise

t tests with Bonferroni correction for multiple testing showed that the number

of clusters divided by number of vessel objects (normalized number of clusters,

109



NNC) was signi�cantly di�erent between desmoplastic growth pattern (median

= 0.05) and replacement growth pattern (median = 0.02) (p < 0.05), but also

between desmoplastic growth pattern and normal liver (median = 0.01) (p <

0.001) (Figure 5.10). However, no di�erence was found between replacement

growth pattern and normal liver (p > 0.05). The median microvessel density was

signi�cantly di�erent across the histopathological growth patterns (desmoplastic

growth pattern: 77 and replacement growth pattern: 173, compared to normal

liver: 660 vessels / mm2).
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Figure 5.9: Unsupervised spatial modeling show similar blood vessel patterns for the replacement
growth pattern of colorectal cancer metastases and normal liver. Selected regions of interest (ROIs)
at the tumor-liver interface of normal liver (top), replacement growth pattern (RGP) (mid), and
desmoplastic growth pattern (DGP) (bottom) in CD31-stained tissue (A). Vessel segmentation and
classi�cation results in De�niens (B). Cluster results for the selected ROIs plotted in R (C).
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Figure 5.10: Tukey boxplots of the normalized number of clusters of blood vessel objects for the
desmoplastic growth pattern, the replacement growth pattern and normal liver. There was a statistically
signi�cant di�erence between the growth patterns as determined by one-way ANOVA (F(2,22) = 10.8,
p < 0.001). A post-hoc Tukey test showed that the number of clusters divided by number of vessel
objects was signi�cantly di�erent between the desmoplastic growth pattern and the replacement growth
pattern (p < 0.05, ‡), but also between the desmoplastic growth pattern and normal liver (p < 0.001,
‡). However, no di�erence was found between the replacement growth pattern and normal liver (p >
0.05). Outliers are plotted as points (•) and extreme values are plotted as asterisks (∗).
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5.4 Discussion

Manual ROI sampling and blood vessel counting is a time consuming and labor

intensive process, partly due to the amount of e�ort required for �nding valid

ROIs under the microscope. The sampling method depends on the research

question, as the hotspot method will quantify the strongest angiogenic areas of

a tumor, while our method will give a general idea of angiogenesis in the whole

tumor. By only investigating the strongest angiogenic areas of a tumor, possi-

ble essential information is missed. Therefore, we feel that analyzing the entire

tumor sample will lead to more accurate results.

We developed a novel semi-automated ROI sampling method that combines el-

ements from existing methods and adds stereological techniques to improve the

validity of the results. Compared to manual image creation by experienced users

(average time per sample = 19 s (n = 832)), our semi-automatic image gener-

ation software requires more time on average to construct one image at a given

point annotation (average time per sample = 66 s (n = 272)). The process

could go faster, but is more robust when pauses (sleep functions) are built-in

to handle lag due to software processing and network speed. However, due to

the automatic nature of AutoSnap no user input is required and, therefore, the

process can be run overnight and frees time for other activities. Furthermore,

we used WSIs to allow higher throughput and traceability by providing ROI an-

notations on the images [97]. Recently, a web-based tool was written to create

an equidistant set of ROIs within a given region in a WSI [216]. This tool

automates the selection process, but as coordinates of the ROIs are calculated

automatically in the given region, quality control must be performed to assess

suitability of the generated ROIs. Depending on the analysis, valid ROIs must

not contain necrosis, and contain viable tissue, or a su�ciently high number of
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cells of interest. In addition, with this tool no images of the ROIs are created at

the coordinates and no grids are overlaid. The AutoTag and AutoSnap applica-

tions allow traceability due to the �nal results being linked to the exact locations

in each tissue section.

There are several limitations inherent to vessel counting: �rstly, tumors develop

in di�erent tissue types, which all have their own characteristic vessel network

architecture [217�220]. The distribution of microvessel sizes and growth patterns

vary between, but also within, a cancer type [219, 220]. Secondly, the di�erent

cell types of which microvessels are composed are another source of bias [221�

225]. The proportions of the di�erent cell types in a vessel de�ne the vessel

type. The most important cell type is the endothelial cell [226]. Peri-endothelial

cells, such as pericytes and smooth muscle cells, strengthen the vessel and ex-

pand its functionalities [222, 227]. These di�erent types of vessels present in

the growing tumor tissue seem to be prognostic [180, 228] and even predictive

of survival after therapy [1, 178, 229, 230]. However, the sample size of these

studies was often small (e.g. n = 46), the used techniques di�er (double staining

of the same section versus single stainings of serial sections) and samples were

highly heterogeneous in regard to the cancer type, stage, treatment and location

of the sampling (primary versus metastasis), which does not allow to draw a

de�nitive conclusion. Because the choice of vascular cell type that is stained

can lead to the selection of a speci�c type of vessel in terms of functionality,

this choice will also a�ect the number of the microvessels counted. Most mi-

crovessels are stained in tumor sections using pan-endothelial markers. However,

these proteins are not only expressed by endothelial cells, but also by other cells,

such as macrophages and platelets [130]. This may result in an overestimation

of the number of microvessels. Thirdly, the counting method has sources of

bias as well, because a decision has to be made whether stained cells resemble
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endothelial cells in shape and size. Depending on the orientation of the vessel

and the direction of the sectioning, one vessel can appear as separate shapes in

the two-dimensional section. Finally, there are several challenges presented by

manual counting as such, like searching and �nding microvessels, counting and

memorizing the number of counts [231, 232]. Nonetheless, it is possible to have

a consistent result by our method as shown by this study.

The level of consensus for the microvessel counting within and between observers

for our counting method was evaluated by calculating the ICC. The ICCs were

higher than the generally accepted minimal reliability of 0.7 [214] and more than

half of the results even exceeded 0.8. These results were only possible after

consensus training with all observers and �ne-tuning of counting rules. There-

fore, before implementing our method, we strongly advise extensive consensus

trainings with all observers involved. Most attention needs to be paid to the

minimum size of staining that can be considered a vessel. Our newly proposed

counting rules include every CD31-positive object, no matter how small, and

therefore, also has the advantage of including single endothelial venules, indica-

tive of active angiogenesis [233].

We evaluated the e�ect of the location of ROIs on the variability of the microves-

sel density and areal fraction of the blood vessels. No major e�ect was present

if SURS was performed for pro�le counting. However, for the areal fraction,

ICC-values lower than 0.7 were obtained. This is not unexpected, as the amount

of structures that overlap with the grid will depend heavily on these locations,

due to only a small area being sampled by the grid intersections. In addition,

these ICCs may be too pessimistic as we need to take into account implicit intra-

observer variability. We limited our investigation to the above parameters, but

future research can also study the e�ect of magni�cation, grid type or grid size.

Importantly, the value of the method described in this study was recently shown
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in the GOG-0218 trial where patients with epithelial OC were treated with

carboplatin-paclitaxel ± bevacizumab [208]. Higher microvessel density values

as measured with our method showed prognostic and potential predictive value

for progression-free survival. However, additional studies in di�erent populations

are needed to validate these results.

In conclusion, our microvessel counting method is reliable if observers are ex-

tensively trained. The amount of ROIs needed depends on the cancer type with

ten ROIs being su�cient for accurate microvessel density measurements. Our

novel vessel counting method for tumor tissue provides many bene�ts: new ob-

servers can be easily trained and it is cost-e�cient, traceable, faster, and allows

a higher throughput.

Ideally, however, automated image analysis would remove the need for train-

ing and time spent in manually counting altogether. Therefore, it holds great

promise for the study of tissue biomarkers. We compared a commercial image

solution with a validated manual method for the counting of CD31-stained mi-

crovessels in cancer tissue. Automated image analysis results for RCC samples

were similar to the manual image analysis results, this in contrast to the other

cancer types (CRC, GBM, OC). Automated counting of microvessels in RCC

with a Chalkley grid by others gave also accurate results [234]. In a breast can-

cer study automated counting results were not similar to the manual counting

results (p > 0.05, CI = -7.50 - 2.78) [235]. We assume that the dependency

of the accuracy on cancer type was due to blood vessel architecture [236]. For

example, when algorithm-classi�ed vessel objects that cross the border of the

ROI were removed, the ICC for RCC was much lower (-0.16 vs. 0.80). It is

conceivable that this is due to abundant vascularization in RCC. Indeed, when
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border-crossing objects were removed, most vessel objects were cleared away

during the image analysis. Hence, this also occurs during manual analysis, but

the image analysis is stricter.

The automatic algorithm needs to be further optimized. It is important to per-

form proper artifact detection [237, 238] and to identify necrosis before the start

of image analysis. The algorithm must be able to detect and classify di�erent

vessel types, but also varying vessel morphology due to sectioning or staining

patterns. Validation of our results with a di�erent image set that is manually

analyzed for microvessel density is needed.

Despite promising results with regard to predictive value [208], microvessel den-

sity is only a one-dimensional parameter. It says nothing about histological

patterns. We introduced a new dimension to CD31 which goes beyond straight-

forward vessel counting and takes into account vessel patterns. We adapted a

method to perform unsupervised spatial modelling [212] for blood vessel patterns

and compared these results for CRC liver metastases between a desmoplastic and

replacement histopathological growth pattern.

Applying spatial statistics to histopathological questions opens up new possibil-

ities, such as hotspot suggestion [239, 240]. We saw a clear di�erence for the

blood vessel pattern between the desmoplastic growth pattern and replacement

growth pattern.

However, the adapted clustering method was run with ad hoc chosen radius and

number of neighbors which a�ect the cluster size. A follow-up study could look

for the optimal settings and algorithms for di�erentiating between the histopatho-

logical growth patterns [240]. The ROIs in the samples with a desmoplastic

growth pattern were chosen in the central tumor region or desmoplastic reac-

tion. It is possible the location a�ects the �nal outcome. A comparison between
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the di�erent regions (e.g. central tumor versus desmoplastic rim) would clarify

the e�ect on the �nal results.

A rather small amount of ROIs was used for this exploratory study. In a follow-

up study a bigger sample size is needed. The selection of this small amount is

due to the high workload in the desmoplastic growth pattern where abundant

immune cells are present which are also CD31-positive. These must be removed

manually. Improved image algorithms or an additional staining speci�c for im-

mune cells can improve the throughput. It is proposed that whilst desmoplastic

growth pattern liver metastases utilize sprouting angiogenesis, the replacement

growth pattern liver metastases co-opt pre-existing liver sinusoidal vessels in-

stead. Despite aforementioned shortcomings, we applied this clustering method

to the blood vessel objects resulting in an objective way of con�rming these ob-

servations: replacement growth pattern liver metastases have a vasculature with

a morphology similar to the normal liver sinusoidal system and without vascular

hotspots. Moreover, the proposed method to quantify vascular hot spots in tis-

sue sections can probably be applied to detect heterogeneity in sample cohorts of

other cancer types. Spatial analysis of histological blood vessel data is increasing

[239] and can unlock new insights into tumor angiogenesis.
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CHAPTER 6

Immune contexture and histopathological

growth pattern of colorectal liver metastases

Adapted from:

� Teuwen L.-A., Marien K., Schats K., van Dam P.-J., Nystrom H., Reynolds

A., Laere S. V., Dirix L., Kockx M., Vermeulen P. The immune contexture in

colorectal liver metastases is dependent on the histopathological growth pattern.

Poster presented at: Belgian Association for Cancer Research: Annual Meeting;

Brussels; 2016.
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Some potential candidate predictive biomarkers for bevacizumab, described in

Chapter 1 and elsewhere, also play a role in immunological pathways (e.g. soluble

galactoside-binding lectin 1 (GAL1), neuropilin 1 (NRP1), vascular endothelial

growth factor (VEGF)A and chemokine (C-X-C motif) ligand (CXCL)18). There-

fore, after characterizing the di�erent blood vessel patterns of two histopatho-

logical growth patterns of colorectal liver metastases (Chapter 5), we evaluated

the relationship between these growth patterns, which are predictive for ther-

apy with bevacizumab, and immune in�ltration. Tissue microarrays were made

from samples of normal liver and metastatic CRC (mCRC) in liver, with di�er-

ent histopathological growth patterns. These tissue microarrays were stained

for di�erent immune markers and VEGFA. The immune contexture was signif-

icantly di�erent between the tumor growth patterns. As tumors with di�erent

histopathological growth patterns respond di�erentially to anti-angiogenic ther-

apy, we may be the �rst to indirectly associate speci�c immune cell biomarkers

with a response to anti-angiogenic treatment.

6.1 Introduction

Recent data have shown that bevacizumab prolongs overall survival in a subset

of colorectal cancer (CRC) patients with mismatch repair (MMR)-de�cient tu-

mors [242, 243]. The overall result of adding bevacizumab to the chemotherapy

regimen in the treatment of stage II-III colon cancer was negative. Patients

diagnosed with MMR defective tumors derived a statistically signi�cant survival

bene�t from the addition of bevacizumab (hazard ratio (HR) = 0.52; 95% con-

�dence interval (CI) = 0.29 to 0.94; p = 0.02) in contrast with no bene�t in

patients diagnosed with MMR pro�cient tumors (HR = 1.03; 95% CI = 0.84 to

1.27; p = 0.78; p interaction = 0.04) [242]. MMR-de�cient tumors commonly

display microsattelite instability (MSI). MSI-tumors frequently have an immuno-
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genic pro�le with in�ltrating immune cells consisting of immature myeloid cells,

mature dendritic cells and macrophages in and around the tumor. It is hypoth-

esized that VEGFA is a chemo-attractant for immature myeloid cells from the

bone marrow and suppresses dendritic cell maturation. Furthermore, VEGFA di-

rectly induces proliferation of regulatory T cells. Bevacizumab captures VEGFA

in the tumor environment and, therefore, can inhibit regulatory T cell accu-

mulation, disrupting the immunosuppressive environment associated with these

hypermutated and immunogenic tumors. Therefore, CXCL18, produced by den-

dritic cells and macrophages and so partially regulated by bevacizumab, could

prove to be a predictive biomarker for response to bevacizumab.

The liver frequently hosts metastases in patients with CRC. Di�erent histopatho-

logical growth patterns at the tumor-liver interface have been described: desmo-

plastic growth pattern, pushing growth pattern and replacement growth pattern

(Figure 5.1) [209]. Hallmarks of the replacement growth pattern are the small

fraction of endothelial cells which are proliferating, the absence of vascular leak-

age (no extravascular �brin depositions), and low carbonic anhydrase IX (CA9)

expression which could mean there is less hypoxia. These observations led us

to investigate the role of VEGFA in this process, as no expression of angiogenic

factors is expected.

Another requirement for successful metastasis of disseminated tumor cells is the

adaptation to and interaction with the to-them foreign normal tissue micro-

environment. This can be achieved by escaping or suppressing the anti-tumor

host immune response [244]. Accordingly, researchers observed the exclusive

presence of a replacement growth pattern in immunocompromised mice [245,

246]. In addition, the histopathological growth pattern of a primary CRC is re-

lated to the type of immune in�ltrate and the molecular cancer subtype.
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These multiple observations, led us to hypothesize that the mechanism of im-

mune avoidance could be related to the histopathological growth pattern of liver

metastases.

A three-step process is essential to mount an adaptive antitumoral immune re-

sponse by the host: recognition of tumor-associated antigens bound to major

histocompatibility complex class I (MHCI), the activation of cluster of di�erenti-

ation (CD)8-positive T cells, and destruction of tumor cells by cytotoxic e�ector

molecules [247]. Moreover, the presence of peri- and intratumoral CD8-positive

T cells has previously been identi�ed as a major prognostic factor in patients

with CRC [248]. Therefore, we studied the presence of CD8-positive immune

cells in di�erent tumor compartments.

The activation and di�erentiation of T cells is regulated by programmed death-

ligand 1 (PDL1) [249]. PDL1 further costimulates interleukin 10 (IL10) pro-

duction in resting T cells and induces the apoptosis of activated T cells. The

expression of PDL1 protein is limited to the macrophage lineage in normal tis-

sues, although its mRNA transcription is found in a broad range of tissues.

In contrast, PDL1 is abundant in various human cancers including CRC. The

tumor-associated PDL1 increases apoptosis of antigen-speci�c T cells, leading

to immunogenic tumor growth. Current data suggest that PDL1 regulates the

organ-speci�c tolerance in normal tissue and may contribute to immune evasion

by cancers [250]. In addition, an inverse association between the angiogenesis

(VEGFA, VEGFR1, and VEGFR2) and PDL1 pathways in tumor samples has

been demonstrated. This relationship may be related to the immunosuppressive

e�ects of VEGFA signaling [251]. Therefore, we also studied the expression of

PDL1 on immune cells in the di�erent tumor regions.

Another important player is the B cell. A cancer is always referred to by the
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stage it was given at diagnosis based on x-rays and/or other lab tests [252].

The TNM system is the most widely used cancer staging system where the T

refers to the size and extent of the main tumor. The higher the number after

the T, the larger the tumor or the more it has grown into nearby tissues. The

density of CD20-positive B cells in the central region of tumor tissue from CRC

patients in T1/T2 category was much higher than that of patients in T3/T4

category [253]. B cells in the tumor site have many functions: they can serve

as antigen-presenting cells to facilitate the persistence of CD8-positive T cells,

enhance T cell responses by producing antibodies, produce cytokines to promote

the organization of local lymphoid structures, and change the ratio of Th1 to

Th2 cells. Most importantly, CD20-positive tumor-in�ltrating lymphocytes could

help recruit and retain T cells at the tumor site. This �nding suggests that a

lower density of CD20-positive B cells correlated with poor clinical outcomes in

the primary CRC. In all primary CRC samples of another study, CD20-positive

B cells within the tumor were found [254]. Most of these B cells were present in

the tumor stroma, but stromal and intratumoral B cells were highly correlated

(r = 0.6; Spearman rho test: p < 0.001). Only a trend to signi�cant di�erence

in survival between subgroups with high and low B cell levels was observed. A

relation with high B cell in�ltration and longer patient survival was present. The

location of B cells in the tumor seems important. Therefore, we examined the

expression of B cell marker CD20 in the di�erent growth patterns of mCRC in

liver.

Tumor-associated macrophages (TAMs) and the related functional subtypes (M1

and CD163-positive M2) are associated with progression and metastasis in many

tumors [255]. The proportion of the two functional subtypes are accurate pre-

dictors for liver metastasis of CRC. Therefore, we included in addition to the

other immune cell markers, CD163 in our study.
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Ongoing angiogenesis impairs leukocyte-vessel wall interactions as a result of

down-regulation of vascular adhesion molecules or endothelial cell anergy to in-

�ammatory signals. An inverse correlation was found between the number of

proliferating endothelial cells (r = -0.7; Spearman rho test: p < 0.02) and the

expression of VEGFA (r = -0.4; p < 0.05) in the one hand, with the number

of in�ltrated leukocytes in human CRC tissues in the other [254]. Therefore,

VEGFA was also studied.

Taken together, the histopathological growth pattern of liver metastases, the

immune response and vessel biology are closely intertwined. Studying both pro-

cesses is important to better understand responses induced by anti-angiogenic

but also immunotherapy. Immunohistochemistry (IHC) applied to tissue mi-

croarray technology provides a very e�cient means of visualizing and locating

antigen expression in large collections of normal and pathological tissue samples

[256]. In order to characterize antigen expression on tissue microarrays, the use

of image analysis methods avoids the e�ects of human subjectivity evidenced in

manual microscopical analysis. Therefore, we studied the immune contexture of

the histopathological growth patterns of liver metastases of CRC by analyzing

CD8-, CD20-, CD163-, VEGFA- and PDL1-stained tissue microarrays.

6.2 Methods

6.2.1 Histopathological growth pattern assessment

To assess the histopathological growth pattern of a colorectal liver metastasis

(Figure 5.1), the following algorithm described previously [257] must be followed:

� When there is a desmoplastic rim, it is a desmoplastic growth pattern.

� When the tumor cells form plates in continuity with the liver cell plates
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and perpendicular to the tumor-liver interface, it is a replacement growth

pattern.

� When the liver cell plates are compressed and pushed away without invasion

of the liver cell plates, it is a pushing growth pattern.

6.2.2 Manual scoring procedure PDL1

Immune cells as well as tumor cells can stain positive for PDL1. Tumor in�ltrating

immune cells present in the intratumoral and contiguous peritumoral stroma

include lymphocytes, macrophages, dendritic cells and granulocytes. Immune

in�ltrate staining is scored as the area of PDL1-positive immune in�ltrating cells

as a percentage of total tumor area (Figure 6.1). Since immune cells are present,

not only within the stroma but are also seen as single cell or di�use spread within

the tumor cells, tumor area was chosen as the denominator.

6.2.3 Histological Score for VEGFA

The VEGFA IHC staining was evaluated using the Histological Score (H-Score)

in which the percentage of cells showing membrane, cytoplasmic, or nuclear

staining are scored in combination with their staining intensity. The staining

signal is divided into four di�erent intensity categories:

� 0, no staining

� 1+, weak staining (visible at high power magni�cation)

� 2+, intermediate (or moderate) staining (visible at low power magni�ca-

tion)

� 3+, strong staining (striking even at low power magni�cation)

For each intensity the proportion (percentage) of stained cells is scored.
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Figure 6.1: Representative examples of programmed death-ligand 1 (PDL1)-stained tissue microarray-
cores. The relative area of PDL1-positive immune cells in the tumor area is estimated. Scoring ranges
from 0% (A), 1% (B), 5% (C) to 10% (D). Staining patterns (brown, indicated by black arrows) at
the invasive margin (red line) are used to guide the estimates. Scale bar = 2000 μm.
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The following calculation gives the H-Score of a sample:

H − Score =
∑

i intensityi ∗ proportioni

with i the intensity category (e.g. 2+), intensityi the value of intensity category

i (e.g. category 1+ has value 1) and proportioni the percentage of cells having

a staining signal belonging to intensity category i.

6.2.4 Other

Additional methods are described in Chapter 3.

6.3 Results

6.3.1 Tissue microarray

Out of the total of 200 cores which were stained (Figure 6.2) for CD8-, CD20-

, CD163-, VEGFA- and PDL1, between 52 and 115 cores (depending on the

staining) were excluded because of tissue detachment or absence of viable tu-

mor. Of all remaining cores an average of 34% showed a desmoplastic growth

pattern, 25% displayed a replacement growth pattern, another 25% had mixed

histopathological growth patterns and the remaining cores consisted of normal

liver tissue (14%) and pushing growth pattern (2%). Out of the 60 patients with

mCRC, 27% had liver metastases growing according to two di�erent histopatho-

logical growth patterns.

6.3.2 Immunohistochemistry

Because there were too few samples with a pushing, mixed growth pattern, and

exclusively normal liver tissue, mixed models were �tted to the IHC results from

samples containing a desmoplastic or replacement growth pattern. When results

of one staining at a time were studied, the �xed e�ects were region of interest
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Figure 6.2: Representative examples of the analyzed regions of interest (ROIs) in De�niens�. T
lymphocytes present in the tumor stroma stain positive for CD8 (A), B cells stain positive for CD20
(C), and macrophages stain positive for CD163. Object-based image analysis with De�niens� (B, D,
F) results in positively classi�ed stained cells in the manual delineated ROIs (yellow). Hematoxylin-
positive nuclei were segmented and classi�ed as well during CD8 analysis (blue, B). Scale bar = 200
μm.
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(ROI), growth pattern and their interaction, while the random e�ects were tissue

microarray-slide and patient.

Also a mixed model was �tted to the CD8, CD20 and CD163 results together

to check if the relative marker area of one of these could be predicted by the

others. Fixed e�ects were relative marker area of the other staining assays,

growth pattern, ROI and the interaction of the last two. Random e�ects were

tissue microarray-slide, patient and core.

CD8

Relative marker area of CD8 was signi�cantly di�erent between the two growth

patterns (p < 0.05) and between ROIs in both growth patterns (p < 0.05)

(Figure 6.3). After having performed Tukey HSD pairwise comparison, an ab-

solute di�erence of (2.00 ± 0.41)% for the relative marker area of CD8 was

present between the desmoplastic and replacement growth patterns. Similar

multiple comparisons for the measurement results of the four di�erent ROIs in

both histopathological growth patterns showed statistically signi�cant di�erences

(Table 6.1). The relative CD8 area could not be predicted by the relative CD20

or CD163 area.

CD20

Relative marker area of CD20 was signi�cantly di�erent between the two growth

patterns (p < 0.05) and between ROIs in the desmoplastic growth pattern (p <

0.05) (Figure 6.4). After having performed Tukey HSD pairwise comparison, an

absolute di�erence of (1.03 ± 0.22)% for the relative marker area of CD20 was

present between the desmoplastic and replacement growth patterns. Multiple

comparisons for the measurement results of the four di�erent ROIs in both

histopathological growth patterns showed statistically signi�cant di�erences, but
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Figure 6.3: Tukey boxplots of the relative CD8 area in tissue microarray-cores. Marked di�erences
were present between the desmoplastic (left) and the replacement (mid) growth pattern (p < 0.05, ‡).
In addition, the relative CD8 area was di�erent between regions of interest (ROIs) in cores with the
same histopathological growth pattern (Table 6.1). Measurements made in the central tumor (red)
and the adjacent normal liver (pink) ROIs were signi�cantly di�erent from the tumoral part (yellow)
and the normal part of the invasive margin for the samples with a desmoplastic growth pattern. In
addition, were the measurements made in the invasive margin ROIs di�erent from each other. The
measurement results in samples with a replacement growth pattern only di�ered between the normal
part of the invasive margin and the central tumor ROIs. Outliers are plotted as points (•) and extreme
values are plotted as asterisks (∗).
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Table 6.1: Absolute di�erences (%) for relative CD8 areas between the four regions of interest in both
histopathological growth patterns as calculated by Tukey HSD pairwise comparisons.

Desmoplastic

Central Tumor Invasive Margin
(Tumor)

Invasive Margin
(Normal)

Adjacent
Normal

Central Tumor - -3.26 ± 0.31 -1.34 ± 0.31 NS

Invasive Margin
(Tumor)

- - -1.92 ± 0.31 2.93 ± 0.31

Invasive Margin
(Normal)

- - - 1.01 ± 0.31

Replacement

Central Tumor Invasive Margin
(Tumor)

Invasive Margin
(Normal)

Adjacent
Normal

Central Tumor - NS -1.43 ± 0.42 NS

Invasive Margin
(Tumor)

- - NS NS

Invasive Margin
(Normal)

- - - NS

-: redundant information; NS: not signi�cant
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Table 6.2: Absolute di�erences (%) for relative CD20 areas between the four regions of interest in
both histopathological growth patterns as calculated by Tukey HSD pairwise comparisons.

Desmoplastic

Central Tumor Invasive Margin
(Tumor)

Invasive Margin
(Normal)

Adjacent
Normal

Central Tumor - -2.41 ± 0.25 -0.79 ± 0.25 NS

Invasive Margin
(Tumor)

- - -1.62 ± 0.25 1.95 ± 0.25

Invasive Margin
(Normal)

- - - NS

-: redundant information; NS: not signi�cant

only for the results obtained in the desmoplastic growth pattern (Table 6.2).

When �tting a mixed model to see if relative CD20 area could be predicted by

CD8 or CD163, results showed a signi�cant e�ect of relative CD163 area (p <

0.05) and a nearly signi�cant e�ect of relative CD8 area (p = 0.07) and ROI (p

= 0.06).

CD163

Relative marker area of CD163 was only signi�cantly di�erent between ROIs

in both growth patterns (p < 0.05) (Figure 6.5). Tukey HSD pairwise multi-

ple comparisons for the measurement results of the four di�erent ROIs in both

histopathological growth patterns showed statistically signi�cant di�erences (Ta-

ble 6.3). When �tting a mixed model to see if relative CD163 area could be

predicted by CD8 or CD20, results showed only ROI had a signi�cant e�ect (p

< 0.05).

PDL1

No ROIs were used for the assessment of PDL1, as PDL1 was measured in the

whole tissue microarray-core. There was no di�erence between the relative PDL1
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Figure 6.4: Tukey boxplots of the relative CD20 area in tissue microarray-cores. Marked di�erences
were present between the desmoplastic (left) and the replacement (mid) growth pattern (p < 0.05,
�). In addition, the relative CD20 area was di�erent between regions of interest (ROIs) in cores with
the desmoplastic growth pattern (Table 6.2). Measurements made in the central tumor (red) and the
adjacent normal liver (pink) ROIs were signi�cantly di�erent from the tumoral part (yellow) and the
normal part of the invasive margin for the samples with a desmoplastic growth pattern. In addition,
were the measurements made in the invasive margin ROIs di�erent from each other. The measurement
results in samples with a replacement growth pattern only di�ered between the normal part of the
invasive margin and the central tumor ROIs. Outliers are plotted as points (•) and extreme values are
plotted as asterisks (∗).
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Figure 6.5: Tukey boxplots of the relative CD163 area in tissue microarray-cores. Marked di�erences
were present between the regions of interest in cores with one of both histopathological growth patterns
(Table 6.3). No statistical signi�cant di�erence was measured between the growth patterns. Outliers
are plotted as points (•) and extreme values are plotted as asterisks (∗).
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Table 6.3: Absolute di�erences (%) for relative CD163 areas between the four regions of interest in
both histopathological growth patterns as calculated by Tukey HSD pairwise comparisons.

Desmoplastic

Central Tumor Invasive Margin
(Tumor)

Invasive Margin
(Normal)

Adjacent
Normal

Central Tumor - -7.39 ± 1.04 -5.92 ± 1.04 NS

Invasive Margin
(Tumor)

- - -1.62 ± 0.25 1.95 ± 0.25

Invasive Margin
(Normal)

- - - NS

Replacement

Central Tumor Invasive Margin
(Tumor)

Invasive Margin
(Normal)

Adjacent
Normal

Central Tumor - -6.20 ± 1.39 -10.59 ± 1.39 NS

Invasive Margin
(Tumor)

- - 4.39 ± 1.39 NS

Invasive Margin
(Normal)

- - - 7.88 ± 1.39

-: redundant information; NS: not signi�cant
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Figure 6.6: Tukey boxplots of the relative programmed death-ligand 1 (PDL1) area showed no di�er-
ence between the desmoplastic and replacement growth pattern of liver colorectal cancer metastases.
No ROIs were used for the assessment of PDL1, as PDL1 was measured in the whole tissue microarray-
core. Medians of both growth patterns equal 1% relative PDL1 area.

area in desmoplastic and replacement growth patterns of liver colorectal cancer

metastases (Figure 6.6).

VEGFA

H-Scores of VEGFA were not di�erent between the two studied growth patterns

of a metastatic liver metastasis (Figure 6.7). There was a di�erence between

the ROIs (p < 0.05). The adjacent normal liver ROI was not scored as no

VEGFA-staining was observed. Tukey HSD pairwise multiple comparisons for the

H-Scores in three di�erent ROIs (central tumor, normal and tumoral part of the

invasive margin) in both histopathological growth patterns showed statistically
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Figure 6.7: Tukey boxplots showing the results of the manual analysis of vascular endothelial growth
factor A (VEGFA) in the tissue microarray-cores. High, but not di�erent, Histological Scores (H-Score)
for the desmoplastic and the replacement growth pattern were measured. Signi�cant di�erences (p
< 0.05) between the normal part of the invasive margin and the other regions were present in both
growth patterns. The adjacent normal liver region was not scored as no VEGFA-staining was observed.
Outliers are plotted as points (•).

signi�cant di�erences. A signi�cant absolute di�erence of 106 ± 12 between the

central tumor and normal part of the invasive margin was present in both growth

patterns (p < 0.05). Furthermore, there was a signi�cant absolute di�erence of

-87 ± 12 between the two parts of the invasive margin (p < 0.05).

6.4 Discussion

Liver metastases with a replacement histopathological growth pattern have a

low fraction of proliferating endothelial cells and do not show signs of VEGFA

activity or hypoxia. Surprisingly, VEGFA-expression was high in the replace-
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ment histopathological growth pattern and therefore, cannot explain the lack of

angiogenesis observed in this type of liver metastasis. It is possible that endo-

genic angiogenesis inhibitors, such as thrombospondin 1 (THBS1), vasohibin,

and several members of the interleukin and interferon families [258], are upregu-

lated in this growth pattern. For example, THBS1 inhibits the release of VEGFA

from the extracellular matrix by inhibition of matrix metalloproteinases (MMPs)

[259]. It also inhibits phosphorylation of vascular endothelial growth factor re-

ceptor (VEGFR)2. In addition, it binds to VEGFA and �broblast growth factor

(FGF) leading to clearance from the extracellular matrix by cellular uptake [260].

Alternatively, an imbalance between the di�erent angiogenic and anti-angiogenic

isoforms of VEGFA could be at play here [30, 40].

Liver metastases with a desmoplastic histopathological growth pattern show sig-

ni�cantly higher staining for CD8 and CD20, but not CD163, compared to liver

metastases with a replacement histopathological growth pattern. This �nding

suggests that some immune avoidance mechanics of liver metastases are associ-

ated with the histopathological growth pattern.

Interestingly, we also noticed similar patterns of expression across the ROIs and

across the di�erent histopathological growth patterns and normal liver for the

three immune cell-markers, CD8, CD20, and CD163. The tumoral part of the

invasive margin in the liver metastases with a replacement growth pattern, had

higher relative areas compared to the normal part, while the converse was true

in the liver metastases with a desmoplastic growth pattern. The abundance of

each marker was di�erent. This could indicate that the tumor cells of mCRC

liver metastases with a replacement growth pattern are not immunogenic even

though they are in direct contact with the normal liver tissue. However, tumor

cells of mCRC liver metastases with a desmoplastic growth pattern clearly in-
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duce an immune reaction. Baeten and colleagues also found highly correlated

amounts of stromal and intratumoral leukocytes (CD3, CD8, CD16, CD20 and

CD68) when studying tumoral leukocyte in�ltration [254].

Noteworthy, is that in our results the CD20- and CD163-expression in the cen-

tral tumor ROI of the replacement growth pattern is lower than in the normal

liver ROI. This could indicate a downregulation of M2 macrophages in the mCRC

samples with a replacement growth pattern. Furthermore, normal liver cores had

lower abundance of any of the three immune cell markers than the normal liver

ROI of the cores containing tumor. This observation could indicate an immune

activity gradient decreasing outward from the invasive margin.

The samples with a desmoplastic growth pattern tended to have higher PDL1-

positivity compared to the samples with a replacement growth pattern, but this

was not statistically signi�cant. Tumors with a desmoplastic growth pattern in-

duce a much more active immune reaction than those with a replacement growth

pattern, evidenced by the higher abundance of CD8-positive cells in those sam-

ples. We hypothesize that in mCRC samples with a desmoplastic growth pattern,

PDL1-positive tumor cells suppress the ongoing immune reaction by inducing

apoptosis in the tumor antigen-speci�c T cells.

The amount of CD20-positive cells in a region is associated with the amount of

CD163- and CD8-positive cells in that region. As macrophages present antigens

to cytotoxic T cells and B cells, this is not a surprise.

There are numerous examples that demonstrate the existence of a biological

response characterized by the simultaneous activation of angiogenesis and im-

munosuppression [261]. Summoning cells that can simultaneously mediate an-

giogenesis and immunosuppression provides an e�cient process that economizes

resources at times of homeostatic crisis. Within the tumor microenvironment,

multiple cell types with established roles in immunosuppression have been shown
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to promote angiogenesis through the production of various growth factors. It is

possible that tumor development proceeds by the co-option of the homeostatic

tissue repair program, promoting concurrent angiogenesis and immunosuppres-

sion. Therefore, we recommend in a follow-up study subtyping of the di�erent

immune cells present in the colorectal liver metastases. For the �rst time, we

analyzed the presence of di�erent immune cell types in colorectal liver metas-

tases in di�erent ROIs. The division of tumor tissue into the biological relevant

regions central tumor, tumoral and normal part of the invasive margin and adja-

cent normal liver is important as we have shown that di�erences exist between

these regions. New studies should analyze markers of interest in these regions of

interest. Additionally, new regions of interest could be de�ned such as escaping

tumor islands in the adjacent normal liver area.

These results may have important implications for future research involving pre-

dictive tissue biomarkers of cancer therapy. We feel that data from other biolog-

ical processes involved, such as the immune system, must be taken into account

when studying tumor biology and response to treatment.
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CHAPTER 7

General discussion
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As an essential component of the angiogenesis pathway, vascular endothelial

growth factor (VEGF) A has been an important target for treatment of cancer

for over 35 years [262�264]. Speci�cally in colorectal cancer (CRC), VEGFA

plays an important role in tumor development and progression [265]. That

is why bevacizumab was thought to be a good therapy choice for metastatic

CRC (mCRC). As expected, bevacizumab in combination with conventional

chemotherapy demonstrated signi�cant survival bene�ts [6]. However, this drug

is not e�ective in every patient [20, 266]. Therefore, it was proposed to only

treat patients who are likely to bene�t, and to avoid treatment in patients un-

likely to bene�t or more likely to experience toxic e�ects based on the assessment

of predictive biomarkers.

During the review of the literature on predictive tissue biomarkers for response

to therapy with bevacizumab (Chapter 1) we found that bevacizumab seems to

have cancer-speci�c bene�ts. For example, in breast cancer, the FDA withdrew

the preliminary approval because of a marginal progression-free survival (PFS)

bene�t and an absence of any overall survival (OS) bene�t [267]. In addition, be-

vacizumab seems to be more e�ective when combined with a speci�c chemother-

apeutic partner [268]. Also the duration of therapy seems to be important as

longer bevacizumab therapy seems to be better than shorter [266, 269]. Further

increasing the complexity of studying predictive biomarkers for bevacizumab, the

evaluated endpoints in di�erent clinical trials were questioned. As the biology of

anti-VEGFA therapy works di�erently from other cancer treatments [270], sup-

pressing VEGFA signaling may enhance VEGFA expression, either systemically

or locally, resulting in a rebound e�ect of enhanced neovascularization and tumor

growth when suppression is discontinued. But bevacizumab can also transiently

normalize the tumor vessel structure and thereby improve vessel function and
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enhance the e�cacy of chemo- or radiotherapy [271]. These clinical observa-

tions make the search for a predictive biomarker for response to therapy with

bevacizumab in mCRC challenging.

It was thought that adapting results from studies with other anti-angiogenic

treatments such as sorafenib (Nexavar®), sunitinib (Sutent®), pazopanib

(Votrient®), and everolimus (A�nitor®) to bevacizumab-therapy could be in-

teresting. For example, a low or a high level of miR-425-3p has been postulated

as responsible for stratifying patients with advanced hepatocellular carcinoma for

sorafenib treatment, but also VEGFA, VEGFC and vascular endothelial growth

factor receptor (VEGFR)2 single nucleotide polymorphisms (SNPs) may repre-

sent a valuable asset [272]. However, as for sunitinib, no baseline predictive

biomarkers have been validated for the use in the clinic [273]. For pazopanib ac-

tivity in advanced clear-cell renal cell carcinoma (RCC) several potential biomark-

ers along the von Hippel-Lindau tumor suppressor (VHL) - hypoxia inducible

factor (HIF)1A - HIF2A axis were not found to be predictive. But high ri-

bosomal protein S6 kinase (pS6) correlated strongly with clinical bene�t for

everolimus in patients with pre-treated metastatic gastric and esophagus can-

cers, yet no validated predictive biomarker is available [274]. A big di�erence

between bevacizumab and these treatments is that they are not approved for

the treatment of CRC. Moreover, these treatments target other molecules than

the �simple� VEGFA-only bevacizumab (Table 1.1). Therefore, studying these

therapies seems not informative to �nd a bevacizumab predictive biomarker for

CRC.

The possible causes for the lack of a predictive marker for anti-angiogenic thera-

pies for cancer are diverse (Figure 7.1). We reviewed the immunohistochemistry

(IHC) biomarkers for response to therapy with bevacizumab for mCRC, as we
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Figure 7.1: An overview of the in this thesis studied e�ects (pre-analytics, analytics and immune
contexture) on the predictive value of a tissue biomarker for bevacizuab (B) therapy. Such a predictive
marker could identify responders (green) and non-responders (red) in a patient population and indicate
if bevacizumab (B) or other (X) therapy is best suited. The pre-analytical e�ects on the biomarker
staining results of an immunohistochemistry (IHC) assay seem to be marker-dependent as only CD31
was robust. Also temperature during the ischemic period should be maintained at 2 - 8 °C to increase
robustness to this variable. The analytical e�ects on the assessment of a biomarker IHC staining
include the number of sampled regions which is cancer type - speci�c, counting rules and its relation
to inter-observer variability, the accuracy of the automated object-based image analysis solution. It
also became clear additional information can be extracted from analysis results such as the number of
clusters. The immune contexture of a sample is also important for the calculation of the predictive
value of a biomarker. When analyzing growth patterns a distinction should be made between the
regions of interest adjacent normal liver, the tumoral and normal side of the invasive margin and the
remaining tumor tissue. The types and abundance of immune cells, but also the VEGFA-dependency
are important.

believe that information at the protein level is most representative of cellular func-

tionality. Other types of biomarkers have been evaluated as well and contain,

maybe essential, additional information. These other types include circulating

cytokines or cells, tissue factors, genetic markers and functional imaging. For

example, the number of circulating endothelial cells was explored as a biomarker

in patients with recurrent glioblastoma multiforme (GBM) [275]. Others eval-

uated mRNA levels of the di�erent VEGFA isoforms [276], or genetic variants

of VEGFA, VEGFR1 and VEGFR2 [277]. Tumors with microsatellite instabil-

ity showed a higher angiogenic capacity represented by an increased microvessel

density, hinting for possible therapeutic consequences [278]. Post-transcriptional
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regulatory events, such as translational readthrough of VEGFA mRNA [279], can

a�ect VEGFA quanti�cation. In addition, the VEGFA gene can be spliced into

multiple distinct isoforms that are either angiogenic or antiangiogenic in nature

[52]. Current anti-VEGFA antibodies, used as drugs or part of an IHC assay,

indiscriminately target both canonical proangiogenic and antiangiogenic (includ-

ing VEGFAx) isoforms [279]. Clearly, inhibition of the antiangiogenic isoforms of

VEGFA can present negative consequences in cancer treatment. But also for the

selection of a successful predictive biomarker, a dinstinction between these iso-

forms must be made. Post-translational modi�cations such as glycosylation can

also be an important resistance trait [280]. Soluble galactoside-binding lectin 1

(GAL1) expression is upregulated in tumor hypoxic microenvironments and af-

fects the development of aberrant vascular networks. Di�erential glycosylation

of receptors on cells in tumor-associated vessels can mimic VEGFA-signaling and

preserve vascularization in anti-VEGFA-refractory tumors.

One of the challenges of studying protein tissue biomarkers with IHC assays,

is the e�ect pre- and analytical factors can have on the results (Figure 7.1).

We found that the quality of staining of neuropilin 1 (NRP1) in the mucosa

of colon was a�ected by prolonged stabilization of the sample in 70% ethanol

(Chapter 4). An increase in false-positive results was shown. But also pro-

longed cold ischemia time a�ected phosphorylated v-akt murine thymoma viral

oncogene (pAKT) and marker of proliferation identi�ed by monoclonal antibody

Ki-67 (Kiel, Germany; well 67) (Ki67) staining quality. An untimely �xation of

a colon sample, gave more false-negative results for this marker. However, the

cluster of di�erentiation (CD)31 IHC assay seemed robust to the tested changes

in cold ischemia time and �xation time. These results obligate us to question

the results from studies conducted on samples with unknown or incomplete in-
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formation about their pre-analytical condition. Ideally, when a new study starts,

the e�ect of variable pre-analytical conditions on the tested biomarkers must be

tested beforehand. Measuring di�erent parameters of the samples during pro-

cessing allows for trustworthy biomarker assay results.

As CD31 was robust to pre-analytical changes, we focused further research on

analytical in�uences on this marker (Chapter 5). Our counting method showed

good intra- and inter-observer variability. However, �ne-tuning of the counting

rules was essential. It became clear that the cancer type and probably the marker

need to be taken into account when counting vessels. Adapting the counting

rules to the marker and cancer type study seems essential. Once counting rules

are optimal, all observers must be trained and tested. We also optimized, for

the �rst time, the sampling method by assessing the minimal number of region

of interests (ROIs) needed in relation to the cancer type. Moreover, our sam-

pling method allowed higher throughput because of the use of whole-slide images

(WSIs) and self-written scripts. If the counting grid can be combined directly

in the WSI at chosen ROIs, the sampling process would be faster and more ef-

�cient [281]. It remains unclear if the microvessel density in certain regions of

the tumor, e.g. close to the interface with the adjacent normal tissue, can be

more predictive. Therefore, examining the response and microvessel density in

di�erent regions of a tumor would be interesting. This can be easily achieved

with our method as the exact location of every ROI is known. Because our mi-

crovessel density measurement method still relies on manual counting, we used

a commercial automatic image analysis platform. We assessed its accuracy and

found only for RCC a good correlation (intra-class correlation coe�cient (ICC)

= 0.80). These results give the impression that automated microvessel density

measurement is feasible, but this mainly depends on the degree of accuracy that
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is required. 100% accuracy is impossible because of the complex morphology of

blood vessels. We can combine the best of these two worlds by presenting the

vessel objects generated during an automated, object-based image analysis to an

analyst, who then ensures the accuracy of the automated analysis. The analyst

can then chose if these suggested blood vessel objects are accurate and include

them in the �nal, automatically calculated, blood vessel count.

We transcended the traditional microvessel density measurement, by analyzing

the patterns of blood vessels themselves. Signi�cant di�erences in the amount of

clusters exist between the desmoplastic growth pattern and replacement growth

pattern of mCRC samples, but also between desmoplastic growth pattern and

normal liver, whereas replacement growth pattern and normal liver show no

signi�cant di�erences. Our results con�rmed objectively for the �rst time the

already made observations that the liver vasculature is co-opted by mCRC with a

replacement growth pattern. Furthermore, we showed in this study that feature

selection by an expert (pathologist) increased the speed of building an accu-

rate and meaningful image analysis solution. Interestingly, we also compared

VEGFA levels between the two histopathological growth patterns with di�er-

ent vessel growth patterns (Chapter 6). Unexpectedly, we found high VEGFA

in replacement growth pattern, thereby raising the suspection that other en-

dogeneous anti-angiogenic proteins are involved. Thrombospondin 1 (THBS1)

seems to be important here, as both the protein and the mRNA are upregulated

in both growth patterns (personal communication Peter Vermeulen and Steven

Van Laere, December 2015). LSKL (leucine-serine-lysine-leucine) peptide in-

hibits THBS1-mediated transforming growth factor beta activation [282]. Using

this inhibitor in a mouse model of the di�erent growth patterns of mCRCs in

liver can further clarify the role of THBS1.
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Proteins belonging to the angiogenesis - and cancer cell - related pathways have

been considered candidate predictive biomarkers for bevacizumab therapy (Chap-

ter 1). But one could investigate key proteins from other biological processes

(Figure 7.1). One biological process, which has proven to be pivotal in reg-

ulating anti-tumor response and which correlates with survival in CRC is the

immune system. The percentage of circulating memory T cells, positive for CD8

and CD45, displayed an association with PFS and OS in mCRC patients treated

with �rst-line FOLFIRI and bevacizumab [283]. Moreover, overexpression of pro-

grammed cell death 1 (PD1) on T cells and B cells was associated with improved

PFS. Tumors appear to develop mechanisms to become invisible to the immune

system. Molecules produced in the microenvironment are involved in the develop-

ment of an immunosuppressive reaction. Interestingly, one of these molecules is

VEGFA [284]. VEGFA can induce the accumulation of immature dendritic cells,

myeloid�derived suppressor cells, regulatory T cells, and inhibit migration of T

lymphocytes to the tumor. When normalizing these tumor vessels, massive in�l-

tration of T cells in the tumor region was observed. As anti-angiogenic therapy,

such as bevacizumab, can reduce the VEGFA levels in the tumor microenviron-

ment, we expect restoration of an immune response towards the growing tumor.

Combining anti-angiogenic therapy with immunotherapy is therefore expected to

be synergistic. Indeed, a phase I study combining ipilimumab and bevacizumab

in 46 pretreated patients yielded a 20% objective response rate and a median

survival of 25 months and this without remarkable toxicity [285]. This is roughly

twice the expectation for ipilimumab alone in metastatic melanoma . Even more

intriguing is that the blood vessels feeding the tumor deposits are being destroyed

by lymphocytes. This was seen in post-treatment biopsy samples from patients

taking ipilimumab following a cancer vaccine. An overview of the ongoing studies
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investigating the combination of immunotherapies with anti-angiogenic agents

is given in [286]. The amount of CD8-positive cells, predominantly cytotoxic

T cells, di�ered between liver mCRC samples with a di�erent histopathological

growth patterns, but also between the four studied ROIs. For CD8, there was

signi�cantly more staining in the four ROIs in the desmoplastic growth pattern

cores compared to those with a replacement growth pattern. Similar results were

obtained for CD20, expressed on the surface of all B cells, in the invasive margin

at the tumor and normal liver side, and in normal liver at a distance; and for

CD163, expressed on the surface of cells of the monocyte/macrophage lineage,

throughout the complete tumor region. Interestingly, the amount of CD20- and

CD163-positive cells between the histopathological growth patterns and the ROIs

were similarly distributed. The division of tumor tissue into the biological rele-

vant regions central tumor, tumoral and normal part of the invasive margin and

adjacent normal liver seems important as we have shown that di�erences exist

between these regions. New studies should analyze markers of interest in these

regions of interest. Additionally, new regions of interest could be de�ned such as

escaping tumor islands in the adjacent normal liver area. Based on these data,

patient groups could be de�ned that respond di�erently to anti-angiogenic, but

also, to immunotherapy.
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Future perspectives

We should not stop the search for a predictive tissue biomarker for response to

mCRC therapy with bevacizumab (Figure 7.2). As discussed in Chapter 1, and

taking into account the results from Chapter 5 and Chapter 6, we should focus

in a next trial on the following candidates:

� Growth patterns of tumor liver metastases (e.g. replacement growth

pattern, desmoplastic growth pattern)

� Growth patterns of blood vessels (e.g. clustering)

� VEGFA isoforms: new IHC assays employing antibodies that speci�cally

bind one of the di�erent isoforms (e.g. VEGFA121b, VEGFA165b) must be

developed

� Post-translational modi�cation: the glycosylation status, maybe indi-

rectly by investigating the GAL1 levels, of several proteins taking part in

the (anti-)angiogenic pathways

� Endogenic angiogenic inhibitors (e.g. THBS1)

� Members of the immune response pathways (e.g. chemokine (C-X-C

motif) ligand (CXCL)18)

With a careful prospective design, a retrospective analysis can provide convinc-

ing evidence in support of a predictive biomarker [95]. However, pre-analytical

conditions are often unknown for samples in a retrospective analysis. Therefore,

more studies are needed to assess the e�ect of pre-analytical factors on results

obtained from IHC assays. Ideally, one would use a large organ such as colon

that allows for su�cient samples and triplicate measurements. A full factorial

design can then be followed with ischemia time, temperature and �xation time

as factors.
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Figure 7.2: Schematic overview of a clinically-useful predictive tissue biomarker for response to colon
cancer therapy with bevacizumab. Based on the results from this thesis, a typical non-responder (left)
has a liver metastasis with a replacement growth pattern. A resection of his tumor would show low
microvessel density and clustering, and microvessels are strongly covered by pericytes. More detailed
analysis would reveal glycosylated angiogenic receptors that are sensitive to galactin 1, which is present
at high levels in the tumor. A non-responder (left) should not receive bevacizumab but other therapy.
In contrast, a typical responder (right) has a liver metastasis with a desmoplastic growth pattern. A
resection of his tumor would show high microvessel density and clustering, and microvessels are weakly
covered by pericytes. More detailed analysis would reveal non-glycosylated angiogenic receptors that
are insensitive to galactin 1, which is also present at low levels in the tumor. Based on these measure-
ments, the treating oncologist can decide to give the patient bevacizumab or other therapy.
This �gure uses Servier Medical Art (http://www.servier.com/Powerpoint-image-bank) which is li-
censed under a Creative Commons Attribution 3.0 Unported License.

The levels must represent clinically useful values such as 15 - 240 minutes for

ischemia time, 2 - 96 hours for �xation time and 2 - 40 °C for temperature. The

measurement values of an IHC assay that have a linear relation with ischemia

and/or �xation time and temperature could serve as the perfect internal control

for sample quality. Samples with unknown pre-analytical variables, would be
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stained with this marker and its quanti�cation allows estimating the ischemia

and/or �xation time and temperature during the pre-analytical phase.

Quanti�cation of the IHC assays must be further optimized. The robustness

of an image analysis algorithm to the whole-slide image creation step can be

tested by rescanning the same slide multiple times and comparing the results.

For our CD31 microvessel density measurement method, further research should

focus on the e�ect of grid type and size, and magni�cation used, but also on the

frequency of interim measurement of intra- and inter-observer variability. We do

not know yet the relationship between intra- and inter-observer variability and

time. The minimum number of ROIs needed for other cancer types should be

studied as well. Further automation of correct ROI selection could be accom-

plished by �rst automatically analyzing the tissue for necrosis and in�ammatory

cells. Suggestions based on these results would improve throughput. Measure-

ment in subtissue regions (e.g. invasive margin versus central tumor region)

allow for new insights in tumor biology. The image analysis algorithm for blood

vessel detection can be improved by tweaking the blood vessel segmentation.

The di�erence in the number of clusters between the histopathological growth

patterns of mCRC in liver must be con�rmed in a bigger sample set. Further

research can reveal the mechanisms behind these blood vessel growth patterns.

Characterization of these vessel patterns could include the measurement of en-

dogenous angiogenic inhibitors such as THBS1.

By having optimized �t-for-purpose assays, the proposed candidate predictive

biomarkers can be evaluated by studying a group of unselected patients treated

with therapy with bevacizumab and another group of patients treated with

chemotherapy alone [95]. Microsattelite instability (MSI) tumors showed a higher
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angiogenic capacity represented by an increased microvessel density [278]. There-

fore, the di�erent molecular subtypes (e.g. MSI status) of tumor must be ac-

counted for. When testing for an interaction between the biomarker, treatment

group and a time-to-event outcome variable (e.g. PFS), a Cox proportional haz-

ards model is used [94]. The best setup to evaluate a predictive biomarker is a

randomized clinical trial (RCT) of therapy with bevacizumab versus chemother-

apy only, in which the biomarker status is obtained on the patients but not used

to guide treatment [95]. With a careful prospective design and optimal assays, a

retrospective analysis can provide convincing evidence in support of a predictive

biomarker.
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APPENDIX A

Summary

Bevacizumab is the �rst anti-angiogenic therapy approved for the treatment of

metastatic colorectal cancer. However, the cost is high and not all patients are

responsive. Therefore, the ability of a biomarker to predict e�cacy is of utmost

importance.

Tumor angiogenesis is a complex process encompassing tumor factors, cytokines

derived from the extracellular matrix and host factors that ultimately result in

the growth of new blood vessels from the pre-existing vasculature.

In Chapter 1, we reviewed those factors that are candidate protein biomarkers

for therapy with bevacizumab in metastatic colorectal cancer, expressed in tumor

tissue and detectable by immunohistochemistry.

The aims and outline of the thesis are described in Chapter 2.

All materials and methods used during this doctoral research are included in

Chapter 3.

One of the challenges in obtaining reproducible results through immunohisto-

chemistry is the pre-analytical phase of samples, which is discussed in

Chapter 4. The duration and environmental temperature of the ischemic period

during surgery, �xation and stabilization of a sample can in�uence the quality of

staining of a given marker. We stained samples for di�erent angiogenesis-related

markers based on the review (Chapter 1) and measured the staining results with
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object-based image analysis. The most important result was that CD31 stain-

ing can be performed successfully on samples with highly variable pre-analytical

conditions. This in contrast to Ki67, NRP1 and phosphorylated v-akt murine

thymoma viral oncogene homolog (AKT) which were a�ected by cold ischemia

time (Ki67, phosphorylated AKT) or temperature (Ki67), or stabilization time

(NRP1).

Another challenge of immunohistochemistry is its quanti�cation, which is di-

cussed in Chapter 5. As angiogenesis is often measured by counting the num-

ber of microvessels in regions of tumor tissue, we validated this method. We

concluded that it is possible to have an unbiased result by our method. We also

compared this manual vessel counting method to an automated object-based im-

age analysis. The results give the impression that automated microvessel density

measurement is feasible. Furthermore, we introduce a new dimension to CD31

as a marker in angiogenesis which goes beyond straightforward vessel counting.

This new method can di�erentiate vessel patterns in di�erent histopathological

growth patterns of metastatic colorectal cancer in liver.

Other biological processes besides angiogenesis can a�ect the �nal response and

may confound biomarker results. This is why we focused in Chapter 6 on the

immune contexture in di�erent histopathological growth patterns of metastatic

colorectal cancer in liver. As histopathological growth patterns respond di�er-

entially to anti-angiogenic therapy, we may be the �rst to associate speci�c

biomarkers with a response to anti-angiogenic treatment.

We further discussed the results of these studies in Chapter 7 and make a

proposal for a predictive biomarker setup based on these results.
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APPENDIX B

Samenvatting

Bevacizumab is de eerste anti-angiogene therapie die goedgekeurd werd voor de

behandeling van metastatische colorectale kanker. De kosten voor de behande-

ling zijn echter hoog en niet alle patiënten reageren even goed. Daarom is een

biomarker die de werkzaamheid kan voorspellen van groot belang.

Angiogenese is een complex proces waarbij tumorale factoren en cytokines af-

geleid van de extracellulaire matrix uiteindelijk leiden tot de groei van nieuwe

bloedvaten uit de bestaande vasculatuur.

In hoofdstuk 1 bespreken we kandidaat proteïnebiomerkers voor therapie met

bevacizumab voor metastatische colorectale kanker. Ze komen voor in het tu-

morweefsel en zijn detecteerbaar met behulp van immunohistochemie.

De onderzoeksvragen en opbouw van deze thesis worden beschreven in hoofd-

stuk 2.

Alle materialen en methoden gebruikt in dit onderzoek zijn opgenomen in hoofd-

stuk 3.

Eén van de uitdagingen bij het verkrijgen van reproduceerbare resultaten voor

immunohistochemie is de pre-analytische fase van stalen; dit wordt beschreven

in hoofdstuk 4. De duur en de omgevingstemperatuur van de ischemische pe-

riode tijdens de operatie, duur van de �xatie en duur van de stabilisatie van een

staal kunnen de uiteindelijke kwaliteit van een kleuring van een bepaalde mer-
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ker beïnvloeden. We kleurden stalen voor verschillende angiogenese-gerelateerde

merkers op basis van onze review (hoofdstuk 1) en gingen de kwaliteit van de

kleuring na met object-gebaseerde beeldanalyse. Het belangrijkste resultaat was

dat CD31-kleuring met succes kan worden uitgevoerd op stalen met zeer vari-

abele pre-analytische eigenschappen. Dit gold echter niet voor Ki67, NRP1 en

gefosforyleerd AKT aangezien deze beïnvloed werden door koude ischemietijd

(Ki67, gefosforyleerd AKT) of temperatuur (Ki67), of stabilisatietijd (NRP1).

Een andere uitdaging van immunohistochemie is de kwanti�cering ervan, die we

bespreken in hoofdstuk 5. Aangezien angiogenese vaak wordt gemeten door het

tellen van het aantal bloedvaten in tumorweefsel, valideerden we deze methode.

We concludeerden dat het mogelijk is een objectief resultaat te verkrijgen met

onze werkwijze. We vergeleken ook deze manuele telmethode met geautomati-

seerde object-gebaseerde beeldanalyse. De resultaten suggereren dat geautoma-

tiseerde meting van microvaatdichtheid haalbaar is. Bovendien introduceren we

een nieuwe meetmethode voor CD31 die verder gaat dan louter het aantal vaten

tellen. Deze nieuwe methode kan vaatpatronen in verschillende histopathologi-

sche groeipatronen van metastatische colorectale kanker onderscheiden.

Andere biologische processen naast angiogenese kunnen de uiteindelijke reactie

op therapie en testresultaten beïnvloeden. Dit is de reden waarom we in hoofd-

stuk 6 ons richten op het immuunin�ltraat van verschillende histopathologische

groeipatronen van metastatische colorectale kanker in de lever. Omdat histo-

pathologische groeipatronen verschillend reageren op anti-angiogene therapie,

kunnen we als eerste biomerkers koppelen aan een respons op anti-angiogene

behandeling.

Verder bespreken we de resultaten van deze studies in hoofdstuk 7 en stellen

we een predictieve biomarker trial voor.
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APPENDIX C

Supplemental material

C.1 AutoTag and AutoSnap

The AutoHotkey scripts of the AutoTag and AutoSnap applications, described in

3.4.2 (Chapter 3), can be found at http://goo.gl/DNEpPd (Figure C.1). These

applications create images combined with a digital grid at the locations of the

ROIs in WSIs.

Figure C.1
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C.2 Digital grids

To allow unbiased counting of the microvessels, two digital grids were created

in Adobe Photoshop® (Figures C.2 and C.3). These grids were applied to the

images created with AutoSnap in a batch process with Adobe Bridge® in which

a self-written Photoshop® action automatically pastes the grid as an extra image

layer and saves this as a new image.

Figure C.2: A digital grid with a transparent background composed of 9 by 9 �elds, each 2500 μm2,
for 20x magni�cation was created in Adobe Photoshop®.

Figure C.3: A digital grid with a transparent background composed of 5 by 5 �elds, each 2500 μm2,
for 40x magni�cation was created in Adobe Photoshop®.
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C.3 Photoshop action

Digital grids were applied to the images created with AutoSnap in a batch process

with Adobe Bridge® in which a self-written Photoshop® action (Figure C.3)

automatically pastes the grid as an extra image layer and saves this as a new

image.

Figure C.4
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C.4 De�niens

For the unsupervised spatial modelling of blood vessel patterns (Chapter 6),

automated image analysis on the WSIs was con�gured in De�niens� Developer

2.1 for the detection of 3,3'-diaminobenzidine (DAB)-stained vessels.

C.4.1 Tissue detection

The 'tissue detection' ruleset (Figure C.5) creates a map containing a down-

scaled (1%) image of the part of the original image where the tissue is located

in.

Figure C.5
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C.4.2 Tumor and vessel detection

In De�niens� threshold-based vessel segmentation was carried out in the tumor

ROI (Figure C.6). Wrongly-classi�ed vessel objects that actually were DAB-

stained immune cells and tumor cells were removed manually in the same software

to improve accuracy.

Figure C.6
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C.4.3 Liver and vessel detection

In De�niens� threshold-based vessel segmentation was carried out in the liver

ROI (Figure C.7). Wrongly-classi�ed vessel objects that actually were DAB-

stained immune cells and tumor cells were removed manually in the same software

to improve accuracy.

Figure C.7
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C.4.4 Invasive margin action library

For the creation of invasive margin and other ROIs, an action library (Figure C.8) was written that in a user-friendly way allows

manual delineation and calculation of these ROIs.

Figure C.8

167





APPENDIX D

Scienti�c curriculum vitae
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Edited chapter 'Hardware and Software' and chapter 'Image
Analysis'.
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