Chapter 14

Multiparametric Analysis of the Tumor
Microenvironment: Hypoxia Markers
and Beyond

Arnulf Mayer and Peter Vaupel

Abstract We have established a novel in situ protein analysis pipeline, which is
built upon highly sensitive, multichannel immunofluorescent staining of paraffin
sections of human and xenografted tumor tissue. Specimens are digitized using
slide scanners equipped with suitable light sources and fluorescence filter combina-
tions. Resulting digital images are subsequently subjected to quantitative image
analysis using a primarily object-based approach, which comprises segmentation of
single cells or higher-order structures (e.g., blood vessels), cell shape approxima-
tion, measurement of signal intensities in individual fluorescent channels and cor-
relation of these data with positional information for each object. Our approach
could be particularly useful for the study of the hypoxic tumor microenvironment as
it can be utilized to systematically explore the influence of spatial factors on cell
phenotypes, e.g., the distance of a given cell type from the nearest blood vessel on
the cellular expression of hypoxia-associated biomarkers and other proteins reflect-
ing their specific state of activation or function. In this report, we outline the basic
methodology and provide an outlook on possible use cases.
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1 Introduction

A thorough characterization of disease mechanisms (e.g., the relevance of certain driver
mutations) is an absolute requirement for the success of targeted strategies in cancer
therapy. In a series of publications from the Cancer Genome Atlas Research Network
(TCGA, e.g., [1]) this has been achieved using modern genome analysis methods. As an
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additional layer of complexity, however, solid malignant tumors are exceptionally
heterogeneous, leading to a situation where a tailored therapeutic approach may be suc-
cessful in some tumor subvolumes but ineffective in others. An important part of this
tumor heterogeneity is caused by the pathological architecture of tumor microvessels
and enlarged diffusion distances leading to hypoxia, nutrient deprivation, extracellular
acidosis and metabolic waste product accumulation. This characteristic solid tumor
microenvironment brings along substantial changes in gene expression, the proteome
and a resultant phenotype of tumor cells, which may mediate resistance not only against
ionizing irradiation and cytotoxic chemotherapy but also against molecularly targeted
and immune-stimulatory approaches. In order to develop successful strategies to over-
come this major obstacle against cancer therapy, an ex vivo analysis of the microenviron-
ment of human tumors is necessary both to select patients for intensified or de-escalated
treatment protocols and to develop specific countermeasures. A method suitable to con-
tribute to the accomplishment of this goal is outlined in this report.

2 Dimensions of Tumor Heterogeneity

Tumor heterogeneity exists at least at three levels: (i) genetic or clonal, (ii) cellular
and (iii) architectural. Clonal heterogeneity, the result of an evolutionary process
originally outlined for tumor cell populations by Peter Nowell [2], has now been
unequivocally proven to exist using a combination of whole-exome multiregion
spatial sequencing, single nucleotide polymorphism analysis and messenger RNA
expression profiling [3]. Diverging genomic constitution of individual manifesta-
tions of a tumor within a single patient, i.e., the primary tumor and metastases in
different organs, can indeed partially explain incomplete or mixed responses to
therapy, which are often observed in the clinic. A prominent example is the develop-
ment of T790 M resistance mutations against small molecule inhibition of EGFR in
lung cancer [4]. Some manifestations of therapeutic resistance are, however, not
explained by genomic maladaptation. Instead, they have been shown to arise from
functional mechanisms. The term cellular heterogeneity refers to the fact that solid
malignant tumors are complex tissues composed of many different cell types, which
have been demonstrated to actively contribute to tumor growth instead of acting as
a passive barrier to cancer cell invasion or as innocent bystanders. Among these
cancer promoting cells are activated fibroblasts (“cancer-associated fibroblasts”,
[5]), endothelial cells [6], macrophages [7] and regulatory T-cells [8]. Contrary to
the depiction of malignant tumors in many textbooks and review articles as rather
homogeneous masses of tumor cells (e.g., [9]), the true cellular complexity of solid
malignancies is immediately apparent under the microscope and thus well known to
the pathologist, but surprisingly less appreciated by many other oncology disci-
plines. Finally, architectural heterogeneity refers to the different degree of abnor-
malities of higher-order structures. A prominent example of particular relevance to
the topic of this communication is the different degree of the abnormality of the
tumor blood vessels. It ranges from greatly increased vascular density in isolated
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“hotspots” to large, almost avascular areas in which substantial hypoxia develops
and from nearly normal configuration of individual tumor microvessels to highly
irregular arrangement, orientation and ultrastructure. Many other important aspects
also fall in this category, including — but not limited — to the individual hierarchy and
localization of the stem cell compartment, patterns of cancer cell invasion (e.g.,
pushing borders vs. infiltrating single cells) and the degree of immune cell infiltra-
tion and activity. Both cellular and architectural heterogeneity can be assessed using
morphometric and immunohistochemical methods, e.g., by identifying certain cell
types using antibodies against characteristic cell surface markers. In fact, these
methods have already experienced broad application in clinically oriented basic
oncology research. However, the definition of cellular phenotypes, the identification
of activation states and the exploration of spatial patterns of different cell types rela-
tive to each other or in relation to higher order structures of the tissue has been
severely hampered by the fact that multiplex staining, although certainly possible
[10, 11], has always been notoriously difficult to achieve with traditional immuno-
histochemical methods and even harder to standardize for large research projects.
We have thus developed novel approaches to overcome traditional obstacles and
enable a truly multiparametric analysis of the tumor microenvironment.

3 Multiparametric Immunohistochemistry in Registered
Serial Sections (MIRSS)

High precision microtomes (in the hands of experienced technicians) enable the
preparation of very thin (i.e., 3-5 pm) serial paraffin sections as raw material for
immunohistochemistry (IHC). When combining this technique with digitization of
specimens using high resolution slide scanners and advanced elastic image registra-
tion algorithms (e.g., [12]), we have shown that it is possible to follow individual
cells through several serial sections and use different IHC markers for each
(Fig. 14.1). We have recently demonstrated the feasibility and relevance of this
approach in an analysis of the expression of hypoxia-associated markers in squa-
mous cell carcinomas of the vulva, which provided important insights into the
pathophysiology of this disease [13]. Although fascinating, this technique has a
number of weaknesses, which have to be taken into account. First, the method is
quite labor intensive when manual staining is performed. Furthermore, high preci-
sion sectioning can be very demanding and sometimes even impossible in “diffi-
cult” tissue leading to artefacts which thwart successful image registration. Even
though individual sections are thin, a substantial number of sections are needed for
multiplex staining, and this can be a problem when only limited amounts of tissue
are available. Most importantly, however, segmentation of individual cells, as the
prerequisite of single-cell based analyses, turned out to be quite challenging in some
types of tissue. Methodological work from our laboratory showed that segmentation
of single cells using fluorescence staining of cell nuclei, although far from trivial,
provides much more reproducible results.
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Fig. 14.1 Multiparametric Immunohistochemistry in Registered Serial Sections (MIRSS).
Examples from squamous cell carcinoma of the vulva stained for (a) Ki67, (b) GLUT-1, (c)
CXCL-12/SDF-1, (d) CXCR-4, (e) CA IX, (f) CD 34, (g) podoplanin and (h) xSMA. Image reg-
istration has been achieved down to the level of individual cells, which can be traced through
consecutive slices
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4 Multichannel Immunofluorescence Staining Combined
with a Quantitative Single-Cell Based Analysis

In 2007, Téth and Mezey [14] demonstrated the feasibility of multiplex immunofluo-
rescence staining in paraffin sections based on fluorochrome tyramide-mediated sig-
nal amplification and repeated cycles of primary antibody denaturation and
peroxidase quenching by heat treatment. Among those who embraced this approach
were researchers working with the multispectral imaging technology, which employs
liquid crystal tuneable filters instead of conventional fluorescence filters. Multispectral
imaging enables a high degree of multiplexing through linear unmixing of individual
fluorochrome signatures from stacks of images, each representing only a small “win-
dow” of the entire wavelength spectrum (“lambda stacks”), albeit at the cost of a
certain amount of sensitivity. However, the advantage of high signal strength result-
ing from tyramide amplification also benefits multichannel fluorescence staining of
paraffin sections when using conventional filter technology. Most formalin-fixed and
paraffin embedded tissue sections show at least some autofluorescence, which poses
much less of a problem when the specific signal is very strong. In 2014, our labora-
tory started to systematically explore multiplex staining using the fluorochrome
tyramide-based approach. The technology turned out to be stable and reproducible,
compatible with most antibodies tested (although in our hands strictly limited to
monoclonal antibodies) and sensitive [15]. Some drawbacks remain: multichannel
immunofluorescence is still labor-intensive when performed as a manual procedure,
as a four-plex stain takes two full working days to prepare. Furthermore, conven-
tional fluorochrome tyramide staining sometimes lacks the utmost degree of sensitiv-
ity which can be achieved when DAB-based IHC is combined with tyramide-based
signal ampflication. It may, however, be possible to overcome the latter problem,
since (patented and commercially available) “enhanced tyramide” reagents, accord-
ing to our preliminary testing, may eventually be as sensitive as the most sensitive
conventional brightfield approaches. Cell segmentation, object identification, dis-
tance calculations and intensity measurements are carried out in the open source
image analysis package CellProfiler [16], while data analysis in a manner similar to
flow cytometry is carried out in a specialized commercial software (FCS Express
Plus 5, De Novo Software, Glendale, CA, USA).

5 Exploring a New Paradigm of Hypoxia-Mediated
Treatment Resistance

Based on published findings of downregulation of EGFR by the hypoxia-
inducible PHD-3 [17, 18], we have applied the above-mentioned novel meth-
odology to the study of a possible downregulation of EGFR by hypoxia in
cancers of the head and neck region [19]. Indeed, downregulation of EGFR in
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Fig. 14.2 Multichannel immunofluorescence staining of a squamous cell carcinoma of the head
and neck region stained for EGFR (red, Alexa 647), CA IX (green, FITC), CD 34 (white, Alexa
546) and cell nuclei (blue, DAPI). Preferential clustering of EGFR positive cells is observed in the
vicinity of tumor blood vessels, while expression of EGFR is weak or absent in more distant, CA
IX-positive tumor areas. Scale bar in the lower right corner, 500 pm

diffusion-limited areas of the tumors, which often expressed the hypoxia-asso-
ciated marker CA IX, was repeatedly found (Fig. 14.2). These data could form
a new paradigm for the regulation of cancer-associated signalling pathways by
the tumor microenvironment.

6 Conclusion

Using a newly developed combination of advanced immunofluorescence and image
analysis methods, we are currently able to detect up to five different antigens in the
same tumor section. These antigens may be utilized to select pivotal intratumoral
structures (e.g., blood vessels) and hypoxic cell populations (e.g., tumor cells, stro-
mal cells) by staining for suitable cell surface and hypoxia biomarkers and thus
allow us to investigate the spatial relationships between these entities. Our method-
ology is of broad relevance and we have already successfully employed it to inves-
tigate possible mechanisms of resistance mediated by the tumor microenvironment,
e.g., against anti-EGFR therapy.
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