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Preface

Cellular Pathology in recent years has become more closely involved in the
direct management of patients with the introduction of molecular tech-
nologies and targeted therapies. Through this, we have seen the introduc-
tion of specialist pathology. It is the aim of this book to introduce these
concepts and the key technologies that are influencing clinical practice
today. Throughout this book we show how clinical practice has been
affected by these respective technologies and how further development will
influence the practice and delivery of Cellular Pathology, which will impact
on the patient through targeted therapeutics and diagnostics.

In Virtual Microscopy, we deal with the changing face of the most
traditional aspect of Cellular Pathology: that of microscopy itself. For
centuries, the glass microscope slide has been the sole method of visualising
cells and tissues, but with the addition of computing, imaging and
communications technologies, it is now possible to digitise the glass slide
and deliver it via the World Wide Web, transforming the ability of the
practitioner to deliver a diagnosis, consultation or high-throughput image
analysis for biomarker research.

Cytopathology and the introduction of Liquid-based Cytology have
greatly improved the quality and thus the sensitivity of the traditional
Papnicolaou smear and non-gynaecological cytology specimens. An added
bonus of this technology is the surplus of well-preserved material that can
be used for additional diagnostic procedures and for research. The intro-
duction of the Human Papilloma Virus vaccination programme may well
change the future of the cervical screening programme; only time will tell
how effective it will be.

Flow Cytometry has expanded over recent years with the introduction of
multicolour cell and protein labelling. Yet it is through understanding the
components of the flow cytometer and the properties of the labels that the
precise identification of elements important to the practitioner will be
enabled.
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Immunocytochemistry has seen the continued expansion of the anti-
body repertoire with diagnostic, prognostic and therapeutic demands. The
experience of peer groups and external quality assurance is a vital part in
delivering on the promise of identifying patients suitable for targeted
therapies.

The search for new biomarkers and therapeutic targets continues and we
highlight a strategic means of identifying these key genes and proteins
through array Comparative Genomic Hybridization, and outline how this
is used in association with companion diagnostic technologies.

In Situ Hybridization has shown promise of being used in the routine
laboratory for more than a decade but it is the introduction of the
technology for Her2/Neu gene amplification that has realised this potential.
Its extension to other biomarkers has followed rapidly.

The content of this book is particularly suitable for students with a basic
working knowledge of Cellular Pathology, although each author has given
space to providing some basic principles and key references for students less
familiar with these new technologies. The book is a suitable text for students
to Masters Level in Cellular Pathology but it is hoped that it will support
both students and practising scientists who wish to understand more fully
the principles and clinical value of the technologies described within.

Mary Hannon-Fletcher, Coleraine
Perry Maxwell, Belfast
October 2008
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Virtual Microscopy

Jim Diamond® and David McCleary?

"Lecturer, Queen’s University Belfast, Centre for Cancer Research & Cell Biology
“Doctoral Student, Queen’s University Belfast, Centre for Cancer Research
& Cell Biology

1.1 Introduction

Virtual microscopy is a relatively new term; however, it has its origins in a
much older technology, that of Telemedicine (where Telepathology can be
considered to be a subdiscipline). A general definition of this process would
be the acquisition, storage and transmission of microscope images from a
local site to a remote site for a specific reason. The main reasons for this
were usually diagnostic, consultation or educational. The initial concept
was probably driven by researchers in disciplines outside those of pathology
or microscopy. Many believed that this was an example of a technology
looking for an application, and this hindered the widespread acceptance of
this technology.

The first telepathology system was developed in the United States in the
1960s when monochrome images were transmitted between locations via a
microwave link. However, it was not significantly explored and used until the
late 1980s with the advent of readily-available computer equipment. The
main problem for telepathology at this time was a general scepticism about
its practical use. Pathology is an extremely visual discipline and there were
concerns that the technology would be unable to deliver a high enough image
resolution for diagnostic accuracy comparable to that being achieved by
traditional microscopy diagnosis. However, the rapid growth in high-speed
Internet connections, imaging and computing technology has provided a

Advanced Techniques in Diagnostic Cellular Pathology ~ Edited by Mary Hannon—Fletcher and Perry Maxwell
© 2009 John Wiley & Sons, Ltd. ISBN: 978-0-470-51597-6



2 CH 1 VIRTUAL MICROSCOPY

substantial backbone for the provision of a telepathology infrastructure. This
has increased the acceptance of this technology among pathologists and it
has been shown that it has clear operational and economic benefits to it.

Traditionally there have been two main types of telepathology and it is
useful to understand the advantages/disadvantages of these systems within
a health care infrastructure. The first (and simplest) type of telepathology
is Static Imaging Telepathology, which is also referred to as ‘Store-and-
Forward’ or ‘Passive Telepathology’. This is an asynchronous technology in
that there is no simultaneous interaction with the microscope slide. In this
approach, a pathologist selects images (from a microscope fitted with a digital
camera), stores them on a PC and uploads them to other pathologists usually
by e-mail. Systems of this type are obviously cheap and easy to implement and
may seem useful. However, in consideration there are two disadvantages
to this modality: (1) only a limited number of representative images can
be transmitted for interpretation. This is useful but it must be remembered
that the consulting pathologist is examining a case without any contextual
information from the surrounding tissue. There is a concern that a general
opinion offered by the remote pathologist may be influenced by the primary
pathologist through the selection of representative images; (2) the consulting
pathologist (remote) is unable to select the images he/she requires.

The second type of telepathology is Dynamic Telepathology, which is
also known as ‘Real-time Video Imaging’. During a telepathology session, a
microscope is used in conjunction with a PC to send images to a remote
computer. This form can be subdivided into two systems: passive-dynamic
and active-dynamic. Passive-dynamic systems allow the implementation of
real-time pathology across the Internet, where a local pathologist positions
and focuses the microscope slide on pertinent regions and a remote
pathologist can join the consultation simultaneously. The important point
here is that this is an asynchronous communication; the remote pathologist
cannot drive the diagnostic session. Active-dynamic systems have the
advantage that they are synchronous systems and allow the remote
pathologist to control the microscope.

1.2 Digital (virtual) microscopy: equipment

for implementation

1.2.1 Automated microscopes

Automated microscopes represent a form of hybrid technology in that they

bring together various components within the industry to form a device
capable of creating virtual slides without being dedicated to that purpose.
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High-specification microscopes are the starting point for this technology
and essentially combine imaging (CCD) and computational technology to
produce the device. A benefit of this modality is that as the component
technologies advance inside the three domains here, it should be relatively
easy to integrate them into product advancements. The champion of this
technology has been Dr James Bacus, who developed the BLISS system
and began working in the area of virtual microscopy in the mid-1990s.
The BLISS system (Bacus Laboratories Inc., Chicago IL) is a slide scanner
comprising a high-end fully-automated microscope (e.g. Olympus BX61)
that rapidly scans glass microscope slides (maximum X60 objective),
integrated CCD and a high-specification PC. The system uses a proprietary
method of image tiling to transform the glass slide into a virtual slide.

Due to the microscopes used in these systems, they have the capability to
produce very high-quality images. Image quality, although important, is
however not the only consideration when looking at these machines. The
original concept for these was simply to produce an image. In a clinical
setting time constraints play an important role, and the ability to batch
slides to be digitized is important.

1.2.2 Image production

Image acquisition as in the systems described above is realized via a digital
camera. The CCD chip acquires the centre of the field given by the objective,
thus reducing optical aberration to a point considered negligible. When the
picture is taken, the slide-moving mechanism puts the slide in the next
position for image acquisition while refocusing the slide. The whole process
takes milliseconds to execute; however, there may be many thousands of
iterations.

Image tiling is a technique that requires the capture of multiple small
regions of a microscope slide using a traditional CCD camera. Image tiles
are subsequently stitched together to create a large contiguous mosaic, or
virtual slide, of the entire slide. Due to the sheer number of image tiles
required to create the resultant virtual slide, image tiling systems tend to be
slow. It can take hours to capture and align the thousands of tiles that are
required to create the virtual slide. Consider the example of tiling with a
1000 x 1000 pixel CCD with a scanning resolution 0.25pum/pixel. The
digitization of a standard coverslip (20 x 30 mm) area would require the
capture of around 9600 image tiles. Assuming that there is no overlap
between adjacent tiles, the actual number may be 10500 4+ image tiles, to
allow for the stitching algorithm to accurately align them. Both BLISS and
DotSlide are tiling systems.
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Figure 1.1 Olympus DotSlide scanning system

1.2.3 Olympus DotSlide

The Olympus DotSlide system (shown in Figure 1.1) is essentially an
automated microscope (Olympus upright BX research microscope) that is
computer-driven over the slide to form an image from a Peltier-cooled
1379 x 1032 pixel camera. As with those from other manufacturers, this is
a high-throughput machine in that it is provided with a 50-slide loader
(five trays of ten slides). This form of slide scanner tends to be slower
than the line-scan variety. The manufacturer quotes a figure of less than
three minutes per slide with a X20 objective for a sample of tissue
measuring 10 x 10 mm. This leads us to consider the question of what a
high-throughput machine really is. All manufacturers quote times based on
a 15 x 15 mm piece of tissue, quoting times of a reasonable level. However,
many tissues that are regularly found in the average slide tray are signifi-
cantly larger than this. Histology specimens may be this size, but can be
25 x 20 mm, and traditional cytology specimens can occupy the whole
cover slip (50 x 25 mm); liquid-based cytology (LBC) specimens, depend-
ing on manufacturer, can be less than 25mm diameter. Under these
conditions, times may be significantly higher. According to the Olympus
figures this would represent a time of up to 38 minutes to scan a whole
coverslip. The problem is exacerbated when a X40 objective is available.
This generally allows the scan to be useful if subsequent analysis at the
cellular level is required. In the case of Olympus, this would produce a
scanning time of up to 150 minutes. Granted this is a worst-case scenario,
but it emphasizes the problems in producing a truly ‘clinical machine’ at
present. Many clinical laboratories can produce more than 200 slides per
day. All the manufacturers provide high-throughput capability, but the
limiting factor here is not how many slides can be batched in the machine
but how quickly it can get them processed. My personal experience has been
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that typically, most average-sized sections take 20-30 minutes per slide to
scan and a fully-loaded carousel (e.g. 200 slides) may take 3—4 days to
complete, excluding any failures.

1.2.4 Scanners
1.2.4.1 Progressive scan CCD systems

The Nikon COOLSCOPE 11 is not truly a virtual slide scanner. It should
more correctly be referred to as a digital microscope. It has the capability for
slide observation and allows digital image capture. It additionally has
Internet communications capabilities; this is the major feature that allows
the device to act beyond the role of a traditional microscope. Samples can
be viewed on networked PCs at remote locations. Additionally, because the
essential operations of the COOLSCOPE II can be managed remotely,
diagnostic opinions on particular cases can be exchanged within a medical
institution or in the global arena.

Mercy Ships is a global Christian-based charity founded in 1978 by Don
and Deyon Stephens. Mercy Ships specializes in using hospital ships to
provide free world-class health care and community development services
to developing nations. Since 1978, Mercy Ships has performed more than
1.7 million services valued in excess of US$670 million and affecting more
than 1.9 million people as direct beneficiaries. Volunteers onboard the
Mercy Ship Anastasis can obtain a second opinion on pathological speci-
mens from an expert located anywhere in the world thanks to satellite
technology and the implementation of an onboard telepathology system.
Consequently, volunteer staff using a Nikon COOLSCOPE will be able to
load samples and subsequently make images available over the Internet.
These can be accessed by authorized experts in the United Kingdom, by
logging on to a secure dedicated Web page. In its mode of operation the
COOLSCOPE allows a pathologist to view a live image. Additionally, it also
allows control of the microscope and image acquisition by a local com-
puter. Verbal communication of the diagnosis between the ship’s medical
team and the remote consultant is made using telecommunications.

1.2.4.2 Zeiss Mirax system
This system was developed in Hungary by a team from Semmelweis

University in Budapest and is now marketed under the name ‘Mirax’ by
Zeiss (Figure 1.2). Mirax is currently a family of scanning devices. Mirax
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Figure 1.2 Zeiss Mirax scanning system

DESK is a semi-automatic tool for scanning a single slide using a X20
objective. The Mirax MIDI is a research solution and provides the ability to
scan 12 slides with a X40 objective. The largest machine in the family is the
Mirax SCAN. This is a machine in a similar vein to those from other
manufacturers in that it is a fully-automatic system capable of being loaded
with 300 slides for scanning up to and including a X40 objective. Fluores-
cence labelling is currently being used in many research applications. The
Mirax SCAN can be upgraded with a fluorescence module, giving it auto-
mated fluorescence slide-scanning capabilities. The hardware comprises a
10-position filter wheel and a fibre-coupled fluorescence illumination
system.

1.2.4.3 Aperio ScanScope system

Many of the virtual microscopy manufacturers offer varying levels of
machine. It is not acceptable to assume that all institutions will have a
large demand for slide scanning. The ScanScope GL system from Aperio is
an entry-level device allowing small laboratories or university schools
to implement a virtual microscopy programme. The machine only offers
single-slide scanning on a manual basis. This is suitable for lower-volume
environments provided with a X20 objective but with the capability of a
final magnification of X400 (via a X2 magnification changer). A similar-
specification machine, but offering a higher throughput, is the ScanScope
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Figure 1.3 Aperio ScanScope scanning system

CS. This machine uses a five-element slide tray, which allows the batch
processing of five slides. It claims to be suitable for medium-volume
environments, but again, as with the ScanScope GL system, would be
only reasonably effective in slide throughput as the slide number grows.
The high-end machine from Aperio currently is the ScanScope XT (shown
in Figure 1.3). This high-throughput machine offers a slide capacity of
120 slides and is suitable for environments such as hospitals, reference
labs, research organizations and pharmaceutical organizations. However,
in reality this is probably the machine that is required generally. In my
experience the installation of any low-volume scanner simply becomes a
victim of its own success. Research/educational groups within organiza-
tions tend to come to the scanner with 5-10 slides initially, but rapidly the
number of slides increases to 100s as the potential of virtual microscopy is
realized. This is not functionally beyond low-volume machines, but it tends
to tie up technical support and only five slides can be run overnight. Some
specialized pathology preparations, such as blood smears, bone marrow
and gram stains, require higher-power scanning using X100 objective (oil
immersion), which can be achieved using the ScanScope OS. The scans
from the Aperio machine are created in an alternative way to tiling, termed
‘line scanning’.

Line scanning accurately moves the slide under a line-scan camera to
acquire the image. A line-scan camera is an image-capturing device with a
CCD sensor that is formed by a single line of photosensitive elements.
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Therefore, unlike area sensors, which generate frames, the image acquisition
is made line by line. ScanScope scanners do not use a fixed-area camera to
capture thousands of individual image tiles but instead employ linear-array
detectors in conjunction with specialized motion-control components, a
microscope objective lens and customized optics. As a result, ScanScope
scanners efficiently capture a small number of contiguous overlapping
image stripes. Whereas image tiling is inherently stop-and-go, ScanScope
scanners continuously move microscope slides during the acquisition of
imagery data. This ability to capture imagery data while the sample is
moving is a key reason why line scanning is ideally suited for rapid slide
digitization. Approximately 28 000 image tiles must be captured and aligned
to create a seamless digital slide ofa 30 x 20 mm area of a slide at a scanning
resolution of 0.25um/pixel (X40 objective). In contrast, only 60 image
stripes must be captured and aligned using the line-scanning method
employed by the ScanScope. This example illustrates one of the fundamental
advantages of line scanning: the capture and alignment of a small number of
image stripes is dramatically more efficient than the capture of thousands of
image tiles.

Currently, line scanning seems to offer the advantage of efficient and fast
data capture and creation of a virtual slide. Line-scanning systems also
benefit from several advantages that optimize image quality: (1) focus of the
linear array can be adjusted on each scan line (tiling systems are limited to
a single focal plane per tile); (2) the linear array sensor system is one-
dimensional; therefore there will be no optical aberrations along the
scanning axis (image tiling systems produce a circular optical aberration
symmetric about the centre of the tile; (3) the linear array sensor has a
complete fill factor (providing full pixel resolution) unlike colour CCD
cameras, which lose spatial resolution because of the interpolation of
nonadjacent pixels (e.g. using a Bayer mask).

1.2.4.4 Hamamatsu NanoZoomer system

NanoZoomer Digital Pathology (NDP) (shown in Figure 1.4) is a high-
throughput slide-scanning system. It is not offered as a low-throughput
machine. It has been recognized that most applications will require batch
processing, which is an integral part of the system. Up to 210 slides can be
loaded for processing. It differs from the Aperio systems in that it offers
some additional functionality, while losing the ability to scan at magnifi-
cation greater than X400. This for now will probably exclude this machine
from the haematopathology and microbiology disciplines, where oil-
immersion X100 objective scanning is a necessity. This machine does
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Figure 1.4 Hamamatsu NanoZoomer scanning system

currently have two distinct advantages, namely true 3D z-stack scanning
and an option to add fluorescence scanning. In addition to standard
brightfield applications, therefore, the NanoZoomer system also has fluo-
rescence microscopy capability. Fluorescence microscopy, combined with
the NanoZoomer’s 3-CCD TDI camera, allows the observation of low-
light-level fluorescence tissue samples at high resolution. A realization
between all the manufacturers is that virtual microscopy must mimic the
traditional microscope exactly, otherwise it will never be truly recognized
as a natural development of microscopy. One feature that manufacturers
have given minimal attention in the development of their systems is that
of focus. There is now an acceptance that all the tissue on a preparation
may not nicely fit on one optimized plane of focus (especially appropriate
for cytological preparations). They have now recognized this and are
implementing 3D scanning (to varying levels). The NanoZoomer is a
true 3D scanner (in that it incorporates registered z-stack information
into the image file) and can scan images in a specified number of slices in
the z-axis and at a specified distance apart. There is no real limit on the
numbers here, however it should be realized that the more slices there are,
the larger the already huge image can be made. Typically an LBC
preparation slide can be in the order of 600 Mb as a single-plane image;
this can be scaled by the number of slices in the 3D image. Typically
around 11 (centre + 10 top/bottom) slices are required to gain an
acceptable result, although 20 + are probably required to gain any of
the diagnostic subtleties observed on the traditional microscope. No real
studies are available on how many slices are required; it is simply a trade-
off between storage, scan time (this may be many hours) and keeping an
optimal degree of accuracy in the image.
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Figure 1.5 D-Metrix DX-40 scanning system

1.2.4.5 D-Metrix DX-40 imaging system

The DX-40 slide scanner (shown in Figure 1.5) has been developed by
D-Metrix Inc. (Tucson AZ). This company is a spin-out company from the
University of Arizona. It was within the Arizona College of Optical Sciences
(then the Optical Sciences Center) that Professor Peter Bartels proposed
that through miniaturization, tiny microscopes might be produced and
combined to form an optical-imaging ‘chip’, which could serve as a digital-
imaging engine for a very rapid virtual-slide scanner. He suggested that
such a device could produce the first sub-one-minute slide scanner. At
that time this represented a significant reduction in scanning time (X20
objective or better). Additionally, Bartels suggested that it would be
possible to extend the field of view of a conventional light microscope
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from a millimetre (using a X20 objective) to several centimetres. As the field
of view of his proposed optical device could be the width of a glass slide, it
would be possible to digitally image a whole glass slide with a single pass of
the digital-imaging unit. Massive parallel processing of data would further
reduce the processing time for a virtual slide.

The DX-40 instrument attempts to implement these principles into a
slide scanner. The array technology here replaces the single objective lens
with an array of 80 lenses within one instrument. D-Metrix suggests that a
single slide can be imaged in one minute and offers a throughput of 40 slides
per hour. With such figures, this would represent a 60-fold increase in slide-
scanning capacity.

1.3 The virtual slide format

Virtual microscopy, from its inception, has been growing in strength
significantly. However, one area in this domain that requires optimization
is that of image format. Virtual microscopy currently lacks a globally-
accepted image format. In general, manufacturers are providing scanners
with an image format that is tailored to their own instrument and its
perceived benefits. This is rather short-sighted as it does not acknowledge
the requirement that virtual slides be produced not for themselves but
rather to integrate into an already present hospital system where standards
for image format are already in place.

When the slide has gone through the scanning process the end result is
the virtual slide. This is what could be considered an image file; however,
because of the file size, all the manufacturers have taken different ap-
proaches as to how this is represented and stored on hardware. There are
three general frameworks on which to hang the virtual slide: (1) multiple
files — usually thousands of JPEGs (or uncompressed files) in one or several
folders. Normally each folder corresponds to a different magnification.
This is the format of the BLISS system. As seen earlier, this format has
the disadvantage that it will need to store thousands of files to hardware.
The management of these files in hardware can become difficult as the
number of files stored increases; (2) several files with one or multiple
resolutions (usually JPEG). This is the method used by Zeiss Mirax
scanner; (3) a single compressed JPEG2000 (Aperio) or JPEG (Aperio,
Hamamatsu). It is possible to obtain a single file with multi-resolution
information. All the information, including the panoramic image or
thumbnail and the captures to different resolutions, is stored in a single
physical file. Often, the structure of these files is pyramidal and may be
TIFF or JPEG2000.
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1.3.1 Image format: TIFF

Virtual slides produced by scanning instrumentation are generally re-
corded in TIFF format with a suffix appropriate to the manufacturer
(ScanScope Virtual Slide (.SVS) and Hamamatsu NanoZoomer (.NDPI)).
These images are officially compatible with the TIFF standard, although
due to their typically large size they are compressed using JPEG2000
protocol, which is not included in the current release of the TIFF library.

1.3.2 Image format: JPEG

The JPEG image-compression standard is currently in worldwide use, and
has become the industry standard in photography today. Initially this
format was appropriate for the acquisition and efficient storage of images
captured from the traditional optical microscope.

The JPEG quality factor (QF) is defined in the range 0<QF< 100
and associates a numerical value with the level of compression applied to
the resultant images. As the QF decreases from 100, image compression
becomes enhanced. There is an inverse relationship with image quality as
the resulting image can be significantly reduced in quality, even to the point
where the image is unusable. JPEG uses algorithmic encoding to compress
images in an 8 x 8 pixel block. At the highest compression ratios, the 8 x 8
JPEG blocking artefact occurs, which masks many of the image features.
This artefact can also be seen with moderate compression and the virtual
slides viewed under higher magnification.

The compression of images introduces another point of contention
within the scientific community, and that is the issue of whether images
should have compression applied at all. It has been suggested by many
manufacturers and researchers that compression of images by the JPEG
algorithm should be limited to those intended for visual display purposes
only. Virtual slides that are acquired for scientific research with regard to
spatial positions, intensities or colour resolutions should never have loss of
image information in the process of removing redundant or unnecessary
information (lossy compression).

1.3.3 Image format: JPEG2000

A promising solution is JPEG2000, which has potential advantages for use
in virtual microscopy, where multi-gigapixel images are the norm. JPEG2000
is a wavelet-based image-compression standard (Joint Photographic Experts
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Group committee) developed as an enhancement to the existing JPEG
standard. JPEG2000 provides many features that support scalable and
interactive access to large-sized images. These include efficient and unified
compression architecture, especially at low bit rates; resolution and quality
scalability; region-of-interest coding; spatial random access; and effective
error-resiliency.

JPEG2000 uses wavelet encoding to compress images in much larger
blocks of configurable size. In general, JPEG2000 is a newer and better
technique, yielding higher-quality images with higher compression ratios
than JPEG. The only disadvantage is that encoding images with JPEG2000
requires significantly more computer processing time. This generally is
not good news for the manufacturers as the quest for speed of scanning
receives a setback with JPEG2000. Some of the manufacturers provide
this format. However, the compression is done ‘on the fly’ in the hard-
ware. In tests it has been observed that JPEG2000 seems to provide an
image quality which is at least as good as JPEG, if not better. The main
advantage here is the storage overhead. Typically a virtual slide can be
around 2 Gb (JPEG), whereas the same slide compressed to JPEG2000 will
be around 650 Mb. The issue of size here really only manifests itself where
scanning is being done for archival purposes; in this case the saving can be
significant.

1.4 Image serving and viewing

Two applications that are core to the delivery of any virtual microscopy
system are the image server and the image viewer. The significant advan-
tage of virtual microscopy is its ability to deliver images remotely. Due to
the size of virtual slides this removes the possibility of simply opening the
image, as could be achieved in Photoshop, for example. The image must
be delivered to the viewer as part of a region-on-demand process. The
viewing software will request a spatial region of an image at a specific
magnification and the server will access the file and return the appropriate
image information as requested. The viewing software will then place
the returned image region on-screen in the appropriate position. Image
serving/viewing software is provided by all the major virtual microscopy
manufacturers. The problem for the user here is that all products only
serve out and view the images scanned by that manufacturer. This will need
to change and some companies are now starting to develop scanning
platform-independent solutions.

Image serving is going to be a central issue for digital microscopy.
Pathologists/scientists can be demanding in their acceptance of any new
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technology and reasons not to use it tend to come easily to their minds.
Anissue thatis central to this is that of speed of delivery of the image over the
Internet. If this technology is to be accepted in a clinical setting the use of the
computer must provide the same speed of delivery as the microscope (or
similar). Internet traffic will always be a problem in the delivery mechanism.
However, there are ways around this.

Buffering the image is potentially a method for significantly increasing the
speed of delivery. While a virtual slide is being viewed the viewer will be
requesting the surrounding areas of the image. When they navigate the slide,
the appropriate region will already be in memory. Buffering around the
position where the viewer is located is a passive solution to this problem. A
more intelligent solution would be smart browsing, where the viewer knows
something about the image and buffers relevant portions of it. This could be
achieved from an image-processing standpoint; groups are already investi-
gating this methodology. The reason for this thought is that a pathologist/
scientist rarely moves in a random manner about a slide — there is always an
area of interest. An alternative approach is that of motion prediction;
estimating where the viewer will go and buffering the sections ahead.

1.5 Applications of virtual microscopy

1.5.1 General

Quantification of biological and medical analysis is a major concern in
standardizing and improving the efficiency and objectivity of the studies.
Virtual microscopy in combination with sophisticated image analysis offers
a great opportunity.

With virtual slides, the operator can define accurate protocols and run
efficient algorithms on whole slides or specified areas. Under the control
of a pathologist, this is a powerful tool that makes scoring more accurate
and achieves high throughput to increase statistical significance. This is
currently of very high interest, for example, in cancer biomarker expres-
sion quantification (e.g. HER2/NEU), and is frequently of importance for
both patient health and financial considerations. In the research and
pharmaceutical industries these methods become increasingly important
in proportion to the number of markers, targets and drugs to test. The
embedding of source images, analysis parameters and analysis results in a
common database from the beginning allows for powerful data handling,
including data mining, cross-correlation studies, automatic report gen-
eration and so on.
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1.5.2 Tissue microarray (TMA)

There are many limiting factors in any pathology or molecular clinical-
analysis study of tissues due to: (1) the non-optimization of slide-preparation
procedures; (2) the limited availability of diagnostic reagents used in proces-
sing; (3) the usually less-than-optimal patient sample size. The technique of
using tissue microarray (TMA) was developed to alleviate these issues.

In constructing a TMA, a hollow needle is used to remove tissue cores
(usually 0.6 mm but this can vary) from regions of interest in paraffin-
embedded tissues (i.e. clinical biopsies). These tissue cores are then inserted
in a recipient paraffin block in a spatial array. Sections from this new block
can subsequently be cut and mounted on a microscope slide and prepared
under the normal processing schedule. TMAs are commonly prepared for
tissue immunohistochemistry and fluorescent in situ hybridization. TMAs
are particularly useful in the analysis of morphology in haematoxylin and
eosin (H&E)-stained preparations.

The use of TMA analysis is now becoming standard practice in research
pathology laboratories. Automated preparation allows the operator to
deposit hundreds of tissue cores from different individuals on the same
slide. This is a powerful technique that enhances throughput and leads
to greater statistical significance of the results. However, the standard
manual analysis of the slide with a conventional microscope is tedious
and time-consuming, and in practice the relevance of the method and
the timing of the availability of the results are usually limited by a
manpower bottleneck. Digital slide-scanning systems that can produce a
virtual slide of a TMA slide, used in combination with dedicated TMA
analysis software, are significantly increasing the throughput of these
processes.

On large TMAs the manual scoring process can be time-consuming
and it is easy for the pathologist/scientist to lose their place. Having the
TMA stored as a virtual slide negates this. The virtual slide is essentially
a series of discrete images representing the TMA. This allows the user
to be presented with each core in turn on-screen, thus avoiding missing
cores or, more importantly, becoming out of sequence when screening
the slide.

Because the slide is in digital form core information can automatically
be stored in a database. The advantage of this is that it will allow the
subsequent mining of the data for pertinent statistical parameters of the
dataset, with the potential to make this data available across the Internet. All
data can be linked to each core and can be made available on demand for the
efficient and optimal production of reports.
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The ultimate use of virtual slides is in the automated analysis and scoring
of slides. This is where the major impact of this technology will lie. The
throughput quantity is important to laboratories in the pharmaceutical
sector, where thousands of slides with hundreds of cores per slide are
scored. Here the automated application of algorithms to the virtual slide is
of significant importance. This is covered in Section 1.7.1.

TMAs provide a potentially high-throughput platform for the identifi-
cation of tissue biomarkers in cancer. While the tools for the preparation of
TMAs have developed rapidly, the tools for automated TMA analysis are
still in their infancy, with pathologists still playing a key role in the
subjective visual interpretation of biomarkers.

1.5.3 Clinical examples: tissue-based morphology
1.5.3.1 The identification of tissue type in prostate histopathology

Prostate cancer is set to become the most common cancer in men. Figures
show that its incidence has been increasing since 1971. Around 22 000 cases
of prostate cancer are diagnosed in the United Kingdom each year.
Statistics reveal that deaths from prostate cancer have gradually declined
since the early 1990s, but mortality is still high; 9500 men die from the
disease each year. A continuing challenge to the medical community is
to develop successful strategies for the treatment and early diagnosis of
prostate cancer. It has been suggested that automated machine vision
systems would form an element of this overall diagnostic strategy by
providing improved accuracy and reproducibility of diagnosis.

The study in [1] was designed to investigate how image analysis on
virtual slides as applied to prostate histology sections could be an early
marker for abnormal change. Texture analysis and morphological mea-
surements were made from images to allow the quantization of tissue type.
Within the study it was assumed that there would be three main types of
tissue: (1) stroma — fibro-elastic tissue containing randomly-orientated
smooth muscle bundles that act as a framework to support the prostatic
architecture; (2) normal tissue — prostatic tissue with increased amounts of
smooth muscle, glandular and/or stroma components; (3) prostatic ade-
nocarcinomas (PCa) — histologically diverse and having more than one
characteristic composition.

Both texture and morphological characteristics of the scene were used in
the classification of tissue. Texture analysis was appropriate for the identi-
fication of regions exhibiting greater homogeneity in structure. Conse-
quently, in the present example, texture was used to distinguish between



1.5 APPLICATIONS OF VIRTUAL MICROSCOPY 17

Conventional pathologist Automated system
assessment for scene 1 assessment for scene 1

Figure 1.6 Section of prostate histology that has been analysed by both a pathologist and
an automated system as showing regions of stroma, benign prostatic hyperplasia (BPH) and
prostatic carcinoma (PCa)

stroma and PCa. A morphological approach was applied to the classi-
fication of normal tissue, where the glandular tissue is heterogeneous in
nature. A pathologist identified representative examples of the three
regions defined above and these were used as a training set for the system
to classify the tissue. Large regions of tissue were used in the testing of
the algorithms (not virtual slides) and some of the results are shown in
Figure 1.6. The left-hand side represents the marking of the image
(manually) by a pathologist, and the right-hand side represents the output
from the system. It can be seen that the region of stroma (A) was identified
by the system. The glandular regions (B and D) were identified. Some small
regions were misclassified as PCa. The region of stroma (C) was defined,
except for misclassification of the urethra region as normal prostatic acinar
tissue.

When the algorithmic structure of the system had been tested, the
algorithm was applied to virtual slides. The example in Figure 1.7 shows a
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Figure 1.7 Virtual slide showing prostate histology with a computer-generated map of
regions exhibiting stroma, benign prostatic hyperplasia (BPH) and prostatic carcinoma (PCa)
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piece of prostate histology approximately 30 x 20mm in size (JPEG
format, 58 877 x 42 336 pixels). Regions A and B represent the main areas
of interest on this image, with both representing regions of PCa. The PCa in
region A has been identified, as has the glandular region D. Region C is an
area of lymphocyte aggregate, which has morphology similar to that of
poorly differentiated PCa and has been misclassified by the system.
Generally the system coped well in the analysis. However, it highlighted
some practical constraints on this form of analysis. The process time for this
analysis was 5.5 hours, which is clearly impractical for a routine automated
system. If such images are to be analysed in this manner then the move to
hardware-based systems will be a necessity. Making use of modern high-
performance computers, grid computers or field-programmable gate array
(FPGA) technology, for example, would result in a substantial speed
increase with the move to real-time image processing.

1.5.3.2 The identification and grading of cervical
intraepithelial neoplasia (CIN)

Cervical intraepithelial neoplasia (CIN; described in more detail in Chapter
2), also known as cervical dysplasia, is defined as the abnormal growth of
potentially pre-cancerous cells in the cervical epithelium. Dysplasia is used
to describe histological tissue changes and dyskaryosis is used to describe
cellular changes. Most cases of CIN remain stable and change is held within
the epithelium, or is eliminated by the immune system without interven-
tion. However, a small percentage of cases progress to become invasive
cervical cancer, usually cervical squamous cell carcinoma (SCC). Figure 1.8
shows a section of the cervix that is stained with H&E.

The grading of CIN is problematic, with poor inter/intra-observer
reproducibility. CIN represents a morphological continuum and biopsies
displaying CIN are classified into three grades (Chapter 2, Figure 2.9).
There are also difficulties in reliably distinguishing low-grade CIN from its
reactive stimulants such as koilocytosis (Chapter 2, Figure 2.7). CIN 1
represents low-grade dysplasia and is confined to the basal 1/3 of the
epithelium. CIN 2 is moderate-grade dysplasia confined within the basal
2/3 of the epithelium. CIN 3 represents high-grade dysplasia and occupies
>2/3 of the epithelium, and may involve full thickness (also referred to as
carcinoma in situ). CIN 3 is a precursor to invasive carcinoma of the cervix.

Due to the size of virtual slides and the time constraint in processing
them it is important to optimize the processing conditions. Processing
must mimic what a pathologist will do in the routine traditional exami-
nation of a slide. This can be highlighted in the identification of the
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Figure 1.8 Region of cervical epithelium

epithelium, which would be carried out at low-power magnification. On
the virtual slide this would be represented by doing any analysis on a sub-
sampled representation of the original image. This is the first step in the
image-processing process and allows us to partition the image, in that all
processing only needs to be initiated on tissue within the epithelial limits.
Figure 1.8 represents a section of the epithelium.

Twenty H&E-stained cervical histological slides were selected for this
study [2]. The selected cases were examined and annotated by an experi-
enced pathologist as highlighting normal epithelium, koilocytosis, CIN 1,
CIN 2 and CIN 3. All these glass slides were scanned with a X40 objective
using a ScanScope CS scanner (Aperio CA) and archived in 24-bit colour
JPEG format. A X2 magnification was found to be optimal for use in the
identification of the epithelium. This represented a reduction of the image
data size to 0.25% of the original.

Identification of the epithelium was achieved using image texture
analysis. Image texture, defined as the quantization of the spatial variation
in pixel intensities per channel RGB, is useful in many applications and has
been a subject of many researchers, particularly in diagnostic imaging. One
immediate application of image texture is the recognition of image regions
(epithelium) using texture properties.

Prior to evaluating texture features, it is necessary to discover what the main
components are inside a typical cervical virtual slide: background; stroma;
squamous epithelium, columnar epithelium and red blood cells (RBCs).
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Figure 1.9 Cervical histology with a corresponding computer map highlighting the region
of epithelium. Additionally, the basal (blue) layer and surface (green) are indicated

A two-category classification of background vs. tissue component was
performed, which requests the least number of texture features and gets rid
of all the background, the majority component of a virtual slide. Thereafter,
another two-category classification, squamous epithelium vs. stroma, was
performed inside the segmented tissue region to leave only squamous
epithelium with some parts of misclassified columnar epithelium and
RBCs. A post-processing procedure was then applied for the removal of
columnar epithelium and RBCs.

Figure 1.9 highlights the identification of the epithelium. The red region
is defined as a general area of stroma. The region of the epithelium is
highlighted in black. Additionally, the algorithm has determined the
orientation of the epithelium. The blue line locates the basal layer and
the green line locates the outermost region of the squamous epithelium.
The determination of orientation is important as in the next stage of
grading we will see how this was necessary to classify CIN.

As we shall see in Chapter 2, the existences and degrees of dysplasia/
dyskaryosis associated with CIN are related to the nuclear size (and variation
in nuclear size and shape, pleomorphism), nuclear density and texture, and
the spatial inter-relationships between nuclei. Therefore, for the grading of
CIN it must be prefaced by the segmentation of the epithelial nuclei
(Figure 1.10). Having identified the epithelial nuclei, their spatial position
within the epithelium and degree of dysplasia must be quantified. This is
achieved using a process of Delaunay triangulation and nuclear texture
analysis. Having achieved this, we are now able to define the grade of the
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Figure 1.10 Partitioning of the cervical epithelium

lesion in a similar fashion to a pathologist, as to the region of the epithelium
occupied by dysplastic cells (i.e. CIN 1 bottom 1/3 occupied, CIN 2 bottom
2/3 occupied, CIN 3 full-thickness occupation). An important point must
be made here. A cytology report of mild or moderate dyskaryosis does not
always correlate well with the presence of CIN 1 and CIN 2. A deciding factor
is often the quantity of CIN rather than the quality. Histological samples may
display CIN 3 changes after a mild or moderate dyskaryotic cytology smear
result. However, the degree of disparity is not usually so great.

A limiting factor in the exploration of imaging techniques for diagnostic
pathology is the number of dimensions of the image that can be considered.
All studies generally show ‘proof of concept’ with small images captured
from a traditional CCD camera. Recently this has changed with the intro-
duction of virtual microscopy. This innovative technology now makes it
possible for researchers in imaging and pathology to take a significant step
towards making their efforts diagnostic and not simply proving that mea-
surement can be made. Currently the use of virtual microscopy in image
analysis is making inroads into the arena of diagnostic pathology. Installa-
tions in the United Kingdom are minimal at the time of writing. Conse-
quently this represents a prime opportunity to engage in early innovative
research in this field. The majority of installations of virtual microscopy are
evaluating it from a visualization standpoint (can it replace the microscope?);
however, there is significant scope for downstream research exploring how
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we can take these images into the diagnostic arena through the development
of automated devices for quantitative assessment. A major consideration in
implementing such systems will be the computational challenge in proces-
sing these images. The current PC/software framework will simply not
provide enough computational power, so hardware/high-performance com-
puting implementations will need to be evaluated.

1.6 Virtual microscopy in education

Pathology education for undergraduate medical and biomedical students
has traditionally been implemented using microscopy with standard glass
slides. Virtual microscopy is now offering an alternative approach to this
regime. Both the educator and the student have their views on the
effectiveness of this approach.

Virtual microscopy allows viewing of virtual slides by large numbers of
students or trainees over a computer network, thus avoiding the necessity
for them to be at a particular venue at a set time to attend a teaching or
training session. This can lead to a large reduction in the time and expense
required to organize and run these sessions. Traditionally, the students and
trainees would have viewed images generated by a digital camera mounted
on a microscope. Each person would have only been able to view the part
of the slide and objective magnification selected by the microscope
operator. Using Web-server software it is now possible for each person
to view a portion of the virtual slide selected by them at the magnification
they choose. Not only are there significant cost savings to be made but the
quality of the learning experience is enhanced. With the advent of wireless
networks it is possible to extend the accessibility of teaching and training
materials to make them available on portable and pocket computers/
devices to facilitate ‘anytime, anywhere’ learning.

Virtual microscopy provides several advantages over the traditional
approach: (1) the first, obvious one is that we do not need a microscope.
Microscopes are expensive to buy (and maintain) and are specific to a
microscopy class. Universities usually have an IT infrastructure in place and
the education sessions may now be implemented in general-purpose IT
suites; (2) digitized images may be archived to an image repository and
served out, facilitating sharing by many students (everyone may use and be
examined on the same material). Rare, valuable and one-off specimens
such as reference tissue biopsies, which cannot be duplicated or reproduced
because of limited samples, can be used for education; (3) There will
generally be no breakages as there will be minimal removal of slides from
archived storage; (4) students tend to assume that the microscope can
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simply be turned on and the slide viewed and tend to have little (or any)
knowledge on how the microscope should be optimized for use (e.g. Kohler
illumination). Virtual slides can always be presented in optimal state for
viewing.

Virtual microscopy implementations in education are held currently
within the domains of computer-aided learning (CAL) and self-directed
learning (SDL). Interest in the use of SDL has increased in recent years and
has received significant attention from academics. In many UK universities
many new programmes, practices and resources for implementing SDL
have been initiated. It is beyond the scope of this chapter to consider the
pros and cons of SDL, and valid arguments apply to both camps. However,
it is in this domain that virtual microscopy in education finds itself. Many
things are known about SDL, but most significant is that it empowers
learners to take increasingly more responsibility for various decisions
associated with the learning process and to explore this process themselves,
usually under the guidance of some computer-based (or approved Web
delivery system) mechanism. SDL is becoming an essential element in
medical/biomedical education due to the expansion of knowledge, acces-
sibility to information and greater emphasis on reflecting on issues learned.
So what is the role for virtual microscopy in this domain? Here virtual
microscopy is simply an enabling technology. How we use Internet and
computational methodologies as an adjunct to virtual microscopy provides
downstream functionality.

1.6.1 PathXL

PathXL is an online platform for hosting and managing virtual microscopy
and digital slide media for diagnostic pathology, laboratory medicine and
tissue-based research. It is a content-management system that permits the
hosting and management of virtual slides. This tool has a wide range of
functions that support e-learning, quality assurance and teleconsultation in
pathology.

The architecture of PathXL relies on Internet servers providing the
information that is presented on the PathXL Web site. Managers within this
system have full control over the look and feel of that Web site, how the
slide-based content is organized and how it is presented. Additionally, there
is no restriction to only managing virtual slides; other content such as
documents, standard images, Web sites and so on can be added to the
PathXL platform.

PathXL provides a dedicated online viewer for virtual slides. This viewer
can set interface notes and annotations, record movement through the
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slide, set questions on slides or slide sets, and store answers to a central
database for later review. Administration and configuration of PathXL
occurs at two levels: (1) administration backend allows the operator to
construct modules, add cases, modify content and control user privileges,
in addition to server configuration, account management and access to
database results; (2) the PathXL viewer provides the interface for setting
annotations and questions on the slide, as can be seen in Figures 1.11
and 1.12. The system has been designed to make sophisticated administra-
tion of the PathXL account as easy as possible. So while there is control of
the settings, this complexity does not interfere with the easy set-up and
management of the content. PathXL is currently being used for under-
graduate and postgraduate education and training, slide seminars, quality-
assurance programs, tissue-based research, TMA management and tissue
archiving.

1.6.2 Queen’s University Belfast perspective

Queen’s University Belfast has for over one hundred years taught micro-
scopic anatomy in a traditional way, using microscopes to view glass slides.
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2006 saw the introduction of virtual microscope slides in place of
glass slides and microscopes in micro-anatomy practical classes, with the
installation of two ScanScope CS scanners and one NanoZoomer scanner
(Hamamatsu, UK). Virtual slides can also be viewed directly online using a
standard browser, providing remote access to valuable teaching material
via the PathXL platform. PathXL was used in the current study to host,
manage, author and deliver virtual slides to the student population. Here a
dedicated Web viewer interacts with an image server, which serves out
appropriate regions of the slide image. In this way users can view the
whole slide in real time without the need to download the entire image.
The management and authoring software is entirely Web-based, allowing
virtual-slide-based educational modules to be developed anywhere online.
The virtual slides (scanned with a X40 objective) can be stored on an
independent server, which can be remote from the authoring software. The
front-end virtual-slide viewer is written in Flash (Adobe Systems Inc., San
Jose CA) and does not require any specific downloads to the client machine.
In this way, students can access the educational slide online within a
classroom setting or anytime, anyplace from their home computer. Since
the viewing software is browser- and platform-independent, students can
view slides online on both Windows PCs and Macs. Figure 1.13 highlights
an education session delivered via the PathXL platform.
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Figure 1.13 PathXL being used in an educational setting

There are many reasons for implementing virtual microscopy, as men-
tioned above, but an additional (and fundamental educationalist) one is to
encourage greater engagement with microscopic anatomy by students.
Although traditional microscopy is an important foundation subject
that supports the understanding of key areas such as physiology, gross
anatomy and pathology, many students perceive it as dull and it has been
difficult to motivate them sufficiently to participate actively in practical
classes.

When virtual slides were first introduced into classes, we surveyed the
opinions of second-year medical students, who by that stage had had a year
studying using conventional microscopes. Out of 136 students who replied,
88% said they would prefer to use virtual microscopy, although 11% were
of the opinion that implementing virtual microscopy would lead to a loss of
microscopy skills which they believed to be important. The majority of
students (99%) found the virtual slides easy to navigate and 93% thought
that virtual image quality was at least as good as that of a traditional
microscope. More importantly, and a point of significance, is that tutors
reported that students showed more interest in the slides and hence the
whole anatomy course. As a result it has been possible to provide modules
specifically tailored to the needs of students on different degree pathways
(e.g. medicine, dentistry, biomedical science and nursing) in a modern and
optimal environment that stimulates learning.
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1.6.3 Training

InView is a new software platform aimed at training pathologists and
biomedical scientists in diagnostic cytology and histology. InView uses a
completely innovative approach to education in diagnostic practice through
case-based diagnostic simulation using virtual microscopy, decision analysis
and instructional video. InView is developed by i-Path Diagnostics Ltd.,
Belfast, UK. All educational content is approved by The Royal College of
Pathologists Australasia (RCPA) and covers many diagnostic scenarios
(breast cytopathology Pap & Giemsa, urine cytopathology, cervical histopa-
thology, breast histopathology, skin histopathology, prostate histopatholo-
gy, salivary gland histopathology and neuro histopathology).

Products such as InView are emerging as a consequence of the virtual
microscopy revolution. Before the advent of virtual microscopy, educa-
tional products such as InView would have been impossible. InView and
products like it rely on the distribution (or Web delivery) of content. In this
case the bulk of the content is the virtual slide. Before virtual microscopy,
physical glass slides would have needed to be delivered with each instance of
the application, clearly a factor against the delivery of any such tools.

InView as a tool has grown out of medical decision support research,
where investigations were made into how medical/scientific professionals
actually make diagnostic decisions. The ability to quantitatively define how
decisions are made provides an inroad into being able to develop compu-
tational methods to assist in the process of diagnosis.

InView was developed around a methodology derived from the artificial
intelligence community — Bayesian belief probability and its extension
into belief networks. The explanation of how these modalities work is
beyond the scope of this chapter but suffice it to say InView provides a
well-recognized methodology for mimicking the diagnostic process nu-
merically. The only real problem with decision support within the medical
community is that of ‘do they really want it?” The answer is a vague no.
Handing over responsibility to a machine to make a diagnostic decision is
going just a bit too far. Public acceptance of machines helping in the
diagnostic process is at about the same level; society will always demand a
personal decision on diagnostic matters. So where does this leave decision
support? The methodology of InView provides a framework for the
establishment of a training regime [3].

InView provides an interface which implements diagnostic simulation
and guides the user through the diagnostic process with the aim of showing
the user how to make diagnostic decisions. A pathological decision in any
diagnostic scenario is usually made by observing a sequence of clues and
observing the severity of each clue in the case. Here subjectivity comes into
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the equation; this is where individuals are unsure and make errors of
misinterpretation or omission. InView attempts to teach the user to omit
nothing and provides reference images to show them how to interpret
varying clues. At each point, the user is asked to grade the clue presented, and
the system responds with the diagnostic outcome based on that evidence. The
interface to InView is shown in Figure 1.14, where two reference images can
be seen, together with the virtual slide of the case in question.

The number at the bottom right (0.43) is the final belief that the case falls
into a particular diagnostic category after the assessment of all clues. More
important is the graph above, which shows that the user has arrived at the
correct answer for the appropriate reasons. This is achieved by comparing
the graph produced against a reference (correct) graph for that case.

InView is integral to the PathXL platform and highlights that virtual
microscopy is only a stepping stone in the implementation of downstream
applications, from a starting point of simply having a slide.

1.6.4 Proficiency testing/certification

Pathology, whether practiced by the pathologist or by the biomedical
scientist, is generally a well-defined specialty and could be considered to be
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implemented in a similar manner by all practitioners, independent of
country. However, there are major differences in the training that is
required and the manner in which practitioners are certified. In the
United States, 85% of practitioners are certified, and usually this is
considered a measure of quality. Certification is through the American
Board of Pathology (ABP), which has been operating since 1936. A recent
change in the board’s approach is the implementation of maintenance-of-
certification (MOC), and over the coming years there will almost certainly
be an implementation of such programmes worldwide. These programmes
will address many issues, such as learning, but an important consideration
will be the monitoring of cognitive expertise, which essentially means
the maintenance of diagnostics skills. This, as on most programmes, is
currently implemented via examination at a remote site on an annual basis,
although there is an acknowledgement that this could be moved to a World
Wide Web modality given security considerations. Virtual microscopy may
have an important role to play in this form of monitoring. The ABP has
initiated the introduction of virtual microscopy into its programmes.
Currently a small percentage of questions are offered virtually, usually for
biopsies where there would not be enough material to produce sufficient
glass slides. However, this is likely to snowball and the likelihood is that
before long the complete cycle of certification and testing from any
organizational body will be online with the use of virtual microscopy.

1.7 Computational aspects of virtual microscopy

Image analysis is a powerful technique used to extract useful quantitative
information from images; this usually refers to the analysis of digital images
using computerized techniques such as pattern recognition (morphology),
texture analysis, densitometry and digital signal processing. Since medical
images are composed of distinct shapes, patterns and colours, image-
processing techniques can be used to quantifiably analyse them. By merging
image analysis and virtual microscopy we can unlock the true potential of
virtual slides. However, image analysis of virtual slides is not a straightfor-
ward task. Unlike radiology images, virtual slides cannot be opened by
imaging software such as general-purpose manipulation tools (Adobe
Photoshop). Some platforms are beginning to come into use that can deal
with virtual slides (ImagePro Plus). This is due to two factors: image size
and format.

Virtual slides can be many gigabytes in size and contain more than a
billion pixels, and as a result automated image analysis is extremely time-
consuming. As we have seen from the example of the identification of tissue
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type in prostate histopathology above, automated analysis can take up to
5.5 hours, obviously making routine automated analysis of an entire slide
impractical [1].

Another factor which makes image analysis of virtual slides challenging is
image format. As we have discussed above, virtual slides are generally
compressed using JPEG/JPEG2000, with each scanner manufacturer using
its own proprietary image file format, for example Hamamatsu virtual slides
are. NDPI (NanoZoomer Digital Pathology) files, which are loosely based
on stripped tiff images, typically JPEG-compressed and use the blue, green,
red colour model. Aperio store their images as.SVS (ScanScope Virtual
Slide) files, which are standard pyramid TIFF images, JPEG- or JPEG2000-
compressed and use the red, green, blue, alpha colour model. A detailed
understanding of this underlying file format, compression type and colour
model is necessary before any image analysis can be conducted. With an
increasing number of scanner manufacturers, each with a unique image
format, algorithm development is both difficult and time-consuming.
Ideally, virtual slides should be in a standard open format, promoting and
encouraging the development of imaging algorithms.

These problems can be solved in a number of different ways. Aperio has
developed a plug-in to allow MATLAB and ImagePro Plus to run algo-
rithms directly on a ScanScope Virtual Slide image. However, algorithms
developed using this approach won’t run on any slides scanned using any of
the other scanning manufacturers and obviously this approach will not
solve the speed issue. The only way to rapidly analyse slides is to use
dedicated high-performance hardware. There are a wide variety of tech-
nologies that offer solutions to the problem on the market, which can be
grouped together under the following headings: (1) high-performance
computing; (2) grid computing; (3) other hardware methodologies.

1.7.1 High-performance computing

A high-performance computer is built to be state-of-the-art in terms of
technology, particularly in regards to processing capacity and speed of
processing. They have been around since the 1960s and were designed
primarily by Seymour Gray. Early supercomputers were simply computers
with very fast scalar processors. Today supercomputers are parallel designs
based on off-the-shelf processors combined with specialist interconnects
and are mainly highly-tuned high-performance clusters (HPC), which can
be seen in Figure 1.15.

A high-performance computer is a number of linked nodes (computers)
interconnected via a dedicated high-speed network to form a single
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Figure 1.15 Example of a high-performance cluster

computer, and is typically more cost-effective than comparable standalone
computers. The current fastest supercomputer in the world is the IBM
Roadrunner. It is a cluster consisting of 122 400 processor cores, occupies
6000 square feet of floor space and was built for the American Department
of Energy to simulate how nuclear materials age. Clusters have perfor-
mance gains over stand-alone desktop computers since they are parallel.
A traditional one-processor core machine can only execute one task at a
time, whereas a cluster can execute as many tasks as it has processor cores.

One area where there is an urgent need for rapid automated image ana-
lysis is that of virtual slides imaged from TMAs, described in Section 1.5.2.
As we have seen, TMAs are potentially a high-throughput technology for
biomarker discovery and cancer therapeutics. They are a powerful tech-
nology allowing the efficient and economic assessment of biomarkers
across a large set of tissue samples. However, scoring of TMAs is by visual
interpretation, representing a significant bottleneck in the process of
these resources. Manual scoring of TMAs is also error-prone and subjec-
tive. These problems can be addressed by a high-performance automated
system. By combining virtual microscopy, TMAs and high-performance
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clusters, a system for the rapid, high-throughput automated analysis of
TMAs can be developed.

The biomedical imaging and informatics research group at the Centre for
Cancer Research & Cell Biology (CCRCB), Queen’s University Belfast has
been developing such a system for the rapid analysis of TMAs using a high-
performance cluster. The system works by identifying each of the cores in
the TMA using a semi-automated core-identification system. The coordi-
nate positions of the cores on the TMA virtual slide are then stored in a
database. Now that the position of each of the cores is known, the high-
performance cluster can begin the image analysis. The cluster works on the
standard manager/worker model, where the cluster is divided up into a
single manager and many worker nodes. The manager node is responsible
for giving the worker nodes work. The manager node has access to the
coordinate position of each of the cores. The worker nodes request work
from the manager node, which sends out the coordinate positions of the
cores that need to be processed. The worker node then dips into the virtual
slide and extracts the next core that needs to be processed, performs the
image analysis and sends the result back to the manager node, which stores
the results in a database. This cycle continues until all the cores in the TMA
have been processed.

1.7.2 Grid computing

Grid computing is another style of parallel computing whereby a virtual
supercomputer is formed from a cluster of networked computers acting
in unison to perform very large tasks. What distinguishes it from cluster
computing is that grids tend to be heterogeneous and geographically
dispersed, and to consist of standard desktop computers connected via
a standard office Ethernet or through the Internet. It is most commonly
used for computationally-intensive scientific tasks such as drug discovery,
economic forecasting and the search for extraterrestrial intelligence.
Grids work by dividing a task into subtasks, which are farmed out to
spare processors. The progress of the subtasks is monitored and if they fail
the task is restarted. Results are collected and collated by the grid com-
puting engine. The Oxford Cancer Project [4] used grid computing for
computational drug discovery. A specialist screensaver was developed to
harness the computing power of millions of computers to build a database
of 3.5 billion molecules with known routes to synthesis. These compounds
were screened using a process known as ‘virtual screening’, where analysis
software identified molecules that interacted with proteins and determined
which of the molecular candidates was likely to be developed into a drug.
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IBM is very influential in the area of grid computing and has established a
world community grid to solve problems that benefit humanity. The grid
works by utilizing thousands of PCs throughout the world. Idle computers
request data from a specific project on the world community grid server.
They perform some computations on this data and feed the results back
into the community server. One project that is being run on the grid is the
‘Help Defeat Cancer Project’, which uses advanced image processing and
pattern recognition techniques to determine the protein expression level in
TMAs. The grid speeds up this process dramatically and can analyse 130
years of computation in one day. The long-term goal of the project is to
build up a comprehensive library of biomarkers and their expression
patterns that can be consulted to find the most appropriate treatment for
a specific type of cancer.

The major disadvantage of grid computing is that it is only suitable for
CPU-intensive applications, and not for applications which require a lot
of data transfer. This is because the data is sent out over standard Ethernet
or an Internet connection using TCP/IP as the transfer protocol. TCP/IP
divides data up into packets and ensures each packet arrives at its destina-
tion before sending out another one. This means the system has a high fault
tolerance but at the expense of communication. If there is a vast amount of
data to be sent out the network can become a limiting factor and slow down
the application. For communication-intensive applications, clusters of
FPGAs are a better choice.

1.7.3 Field-programmable Gate Array (FPGA)

An FPGA is a hardware device that slots into the PCI slot of a desktop PC
and acts as an additional processing device. FPGAs were invented in 1984
and consist of programmable logic blocks and interconnections. They are
typically parallel devices and can contain hundreds of specially-developed
processors. The speed increase is not due to their parallel nature but is
because the algorithms are programmed in hardware rather than software.
Typical applications of FPGAs include medical imaging and computer
vision.

ClearSpeed technology is a hardware acceleration technology specifi-
cally designed for high-performance computing. It makes a range of
accelerator boards that slot into the PCI slot. These boards are not strictly
speaking FPGAs but are known as attached processors or co-processors.
One product is the ClearSpeed CSX600 Advance Accelerator Board,
which provides up to 50 GFLOPS of sustained performance (the equiva-
lent of five workstations) while using just 25 W of power. The accelerator
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board consists of two CSX600 processors. Each processor has 96 cores,
and it is the world’s fastest and most power-efficient 64-bit floating point
processor. The accelerator board works by accelerating standard math
libraries used by common mathematical and image-processing platforms
such as MATLAB. This means that software engineers get a performance
gain without having to change their code. When a call is made by an
application to a ClearSpeed-supported library the computer calculates
whether the function is worth offloading to the accelerator board. If it is,
the answer is calculated on the ClearSpeed board and sent back to the
host computer.

The accelerator board can be used to accelerate a standard desktop PC
or can be used in high-performance computers to give a performance
boost. The ninth-fastest supercomputer in the world was given a 24%
performance boost by adding 360 ClearSpeed Advance boards, without
the need to add any additional facilities and only increasing the power
requirements by a single percent. ClearSpeed has the potential to be used
in the acceleration of analysis from virtual slides in a number of ways. It
can be combined with a cluster to give an extra speed boost, or it can be
added to a standard desktop PC to create a low-cost imaging analysis
solution. In this guise it may potentially integrate into the scanner-
controlling software. The benefit of this is that the virtual slides are
local to the computational device, thus avoiding the necessity to transfer
images to a remote analysis engine, which may be the case for the HPC and
grid solutions.

1.8 Conclusions

Current microscopy technology using the conventional microscope has
reached a tipping point in its existence. The digital information age and
the introduction of virtual microscopy into these domains are set to
revolutionize current practices. In today’s environment, virtual micros-
copy has shown itself to have a significant role in pathology applications.
Initially we will appreciate ever-increasing uses in the delivery of educa-
tion, in clinical meetings (multi-disciplinary meetings) and in roles
within quality assurance programmes. Eventually virtual microscopy will
become a standard tool in routine diagnostics. For now there is a feeling
within the pathological/scientific community that virtual microscopy
should be regarded as a useful adjunct to conventional microscopy. This
will change with time through advances in the scanning equipment,
efficient remote delivery of virtual slides and increases in resolution on the
viewing platform.
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2.1 Introduction

The study of cytopathology requires a sound understanding of basic cell
biology, biochemistry, physiology and anatomy; all of these subjects detail
the normal structure, function and metabolism of the human body. An in-
depth understanding of ‘normality’ is essential before pathology and
disease may be determined.

The discipline of cytopathology does not exist in isolation but interacts
and impacts on other disciplines, such as those mentioned above. Indeed,
many of the histochemical techniques employed today are modifications of
methods originally developed for use in biochemistry.

Everybook, chapter and paper that deals with cytopathology will acknow-
ledge the pioneering work conducted by Dr George N. Papanicolaou. This
chapter is no different!

Dr Papanicolaou published his first work on the menstrual cycle of
women, The sexual cycle in the human female as revealed by vaginal smears,
in 1933 [1]. While researching for this publication he noted abnormal
‘cancer’ cells in the cervix. It was not until 1939 that the true diagnostic
significance of this finding was realized. As a result of his efforts the
screening of vaginal smears for cancer detection was introduced in a New
York hospital that same year.

This was followed by a long collaboration with Dr Herbert Traut, from
the department of Obstetrics and Gynaecology at Cornell; together they
demonstrated the diagnostic potential of the vaginal smear. Their findings
were published in 1943, as Diagnosis of Uterine Cancer by the Vaginal
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Smear [2], and thus the Papanicolaou (Pap) test was born. Dr Papanicolaou
published the first comprehensive scientific cytology text, entitled Atlas of
Exfoliative Cytology, in 1954 [3], in which he describes in detail the
cytological morphology of cells, in health and disease, of all the major
organ systems of the human body.

Papanicolaou contributed greatly to our knowledge and understanding
of the cytological changes associated with cancer and developed cytology
(or cytopathology) from a purely theoretical field into the accepted
laboratory discipline we know today.

Cytopathology is ever-expanding, with new techniques developing
rapidly hand-in-hand with emerging molecular biological technology.
Indeed several of these new techniques have become part of the diagnostic
laboratory’s routine tests (for example polymerase chain reactions (PCR)
in diagnostic cytopathology).

2.2 Basic principles

To understand the terminology employed here and elsewhere it is necessary
to start with some definitions. The first is ‘cytology’, which may be
described as the scientific study of the structure and function of cells,
while ‘cytopathology’ (also known as ‘cellular pathology’) involves the
examination of cells in health (usually screening), in disease (diagnostic)
and for research. It is very important to distinguish between these three as
this will tell us some important information about the specimen. To
explain, screening is the examination of specimens from asymptomatic
individuals in order to detect pre-malignant or early malignant changes, for
example the Cervical Screening Programme. Diagnostic cytopathology is
when a patient presents with symptoms and specimens are taken to
determine a diagnosis. Primarily the specimens will be assessed to deter-
mine if they are malignant or benign, but secondary diagnosis may be
made, such as the presence of inflammatory or viral changes. Finally, with
the introduction of liquid-based cytology (LBC), which has aided optimal
specimen collection and facilitated research to be undertaken more readily
with ample well-preserved specimens, the screening and/or diagnostic
process is complete.

2.2.1 Specimen collection

Specimen collection is just as important as optimal processing and
diagnosis. Cytomorphological assessment by highly-trained individuals
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via the light microscope is fundamental to diagnostic cytopathology. This
principle is important in cytopathology, and it differs here from other
branches of laboratory medicine because of the nature of specimen
collection. The fundamental principle of cytopathological diagnosis is that
the content of a cytology specimen should be representative of the cell
population of the target tissue or lesion. This is essential as nonrepresen-
tative specimens result in misdiagnosis (false positive or false negative) or
no diagnosis (repeat unrepresentative specimen). All of this plays a role in
the sensitivity and specificity of the technique.

2.2.2 Specimen sample collection

There are three main methods employed for specimen collection in
cytopathology. They are: exfoliation, abrasion and aspiration. Exfoliated
cells shed naturally from the epithelial surface and are present in sputum
and urine. Such cells appear as small clusters without order, are spherical
and are susceptible to degenerative changes. Abrasion uses physical force to
obtain cells, for example brushings from the cervix and bronchus, or
specimens obtained by scraping for example the cervix, skin and nipple.
Specimens may also be obtained using washings or lavage (isotonic saline is
used to wash the site and the fluid collected) from the bronchial tract. Such
cells are generally well preserved, in large groups or cohesive aggregates.
Finally, specimens may also be obtained by aspiration, for example fine-
needle aspiration (FNA) or fine-needle punction (FNP). Most sites are
accessible using a fine needle, which collects the cellular material. In order
to obtain optimal sampling, radiological imaging is used to locate small,
deep, mobile lesions (Figure 2.1). Cells are removed via a fine-bore needle,
19-25-gauge, attached to a syringe with or without suction from solid tissue
or even fluid-filled cavities. The needle enters into the lesion, then the
syringe plunger is partially withdrawn to create a vacuum and the suspect
cells are aspirated. This step may be repeated several times. When sufficient
cellular material has been withdrawn the syringe plunger is released, which
allows the pressure to equalize, and then the needle is withdrawn and the
cellular material is fixed. For more information on FNA I would
recommend [4].

2.2.3 Specimen preparation

This differs quite substantially from histology, where tissue specimens have
to be fixed, dissected and processed (usually overnight), and sections must
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Figure 2.1 Diagrammatic representation of a fine-needle aspirate from the breast. A
19-25 gauge needle is used to aspirate suspect cells from a breast lesion, then the syringe
plunger is partially withdrawn to create a vacuum and the suspect cells are aspirated. This
step may be repeated several times. When sufficient cellular material has been withdrawn
the syringe plungeris released, which allows the pressure to equalize, and then the needle is
withdrawn and the cellular material is fixed

be cut on the microtome before slides are prepared for staining. A specimen
will arrive in the cytopathology laboratory either already prepared (known
as the direct smear method) or as a collection of cells in a fluid suspension,
which have to be further processed (the indirect method). Ideally a smear
should be evenly spread, uniformly thin and flat, allowing for rapid air-
drying and even penetration of fixative in order to permit optimal staining.

2.2.3.1 The direct smear

This involves spreading fresh material across a slide using another slide,
pick or spatula, and is usually performed in the clinic or GP surgery by the
nurse or clinician (Figure 2.2). The specimen is immediately fixed in
alcohol (see Section 2.2.5, Wet fixation) and posted into the laboratory
together with the request form.

2.2.3.2 The indirect smear - cell concentration

In this method the cellular material is suspended in fluid, for example saline
or transport medium. A cell-concentration procedure (see Section 2.2.4)
needs to be performed to increase the yield and to prepare the slides. Cell
deposits from washings and urine may not adhere well to glass slides, so an
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3

Figure 2.2 Slide preparation via the direct smear method. The cellular material has been
collected on to the spatula. The spatula is then used to spread the fresh material across a
slide. It is essential that the material is spread as evenly as possible and immediately fixed

adhesive is employed. Glass slides are pretreated with bovine serum
albumin (BSA), poly-l-lysine or amino-propyl-triethoxy-silane (APES).
All methods will enhance adherence and maximize the cellular material for
examination.

2.2.3.3 Other smear techniques

Touch-imprint preparations may also be used, although they are not very
common. This is when a patient presents with an open lesion and the slide is
pressed directly on to the suspect area and immediately fixed. Squash
preparations have been employed in pre-neurosurgical diagnosis, where
this method is used in preference to conventional histology on frozen
sections when a rapid diagnosis is required. Finally, processing a clot from a
very blood-stained specimen may be required, as during the formation of
the clot much of the cellular material may have been sequestered (that is if
the clot cannot be dispersed by mechanical means). The clot is then
processed as a cell block and is submitted for conventional histology.

2.2.4 Cell concentration techniques

There are four main techniques employed in cytopathology to concentrate
cell samples. They are: centrifugation, cytocentrifugation, membrane
filtration and cell-block preparation.
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2.2.4.1 Centrifugation

This method is suitable for large-volume specimens such as urine, serous
effusions and salinated lavage specimens. The procedure is simple: the
specimen is transferred to a labelled sterile centrifuge tube and centrifuged
to concentrate the specimen. Following centrifugation the supernatant is
removed and the precipitate (where the cells have been concentrated) is
used to prepare slides, as described in Figure 2.2; however, a glass slide is
used to spread the cellular material rather than a spatula.

2.2.4.2 Cytocentrifugation

This method is suitable for small-volume specimens containing little
cellular material. The fluid obtained is spun directly on to microscope
slides, forming a localized monolayer of cells. As some material is absorbed
into the filter paper, very cellular or viscid specimens should not be
processed by this technique. This method is often used in preparing samples
for subsequent testing such as immunocytochemistry (see Chapter 4).

2.2.4.3 Membrane filtration

This method employs positive pressure or vacuum filtration. There are
various types of filter paper, for example cellulose acetate and polycarbon-
ate, each available in a series of pore sizes. This is ideal for large-volume
specimens and for large-volume hypocellular specimens as a higher cell
yield may be obtained by this method than through centrifugation.

2.2.4.4 Cell-block preparation

This method uses cells that have aggregated into a ‘tissue-like’ specimen
that can be processed as a cell block and cut using conventional histology
techniques. Commercial kits are available to prepare such blocks. Alterna-
tively, 1%-cell-culture-grade agarose can be used as a processing medium.
This method is suitable for most cell suspensions and has the added bonus
that the resulting specimen is suitable for established special staining
techniques including immunocytochemistry.

2.2.5 Specimen fixation

Two methods are employed in the cytopathology laboratory: wet and dry
fixation.
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2.2.5.1 Wet fixation

The most common fixative used in a cytopathology laboratory is alcohol-
based, i.e. ethanol. This dehydrates the cytoplasm and coagulates the
protein. When specimen preparation has taken place in the laboratory,
the slides are immersed in the fixative for a minimum of ten minutes.
When the slides have been prepared in the clinic, polyethylene glycol
(PEG, or a similar agent) is added to the alcohol. This provides a
protective waxy coating when the specimens have to be posted. This
coating must be thoroughly removed prior to subsequent fixation (see
Chapter 4).

These methods induce a degree of shrinkage in the final preparation,
which is why optimal specimen slide preparation is essential.

2.2.5.1.1 Other fixatives Gluteraldehyde and formalin may be used
under certain circumstances, along with Carnoy’s fluid, which is often used
as it lyses erythrocytes and may be helpful in heavily blood-stained speci-
mens. For a more detailed account of fixatives that can be employed in
cytopathology I would refer the reader to [5].

2.2.5.2 Dry fixation

This relies on evaporation and has to be rapid for optimal results. It is
therefore best to employ forced air movement rather than passive air. This
method has a tendency to flatten cells, and they appear larger than when
they have been wet-fixed. Post-fixation in methanol is essential to prevent
cross-infection from unscreened specimens.

Irrespective of choice, adequate fixation bearing in mind subsequent
staining and analytical techniques is essential.

2.2.6 Staining methods

Itis worth noting that the prefix cyto- may be replaced with the prefix histo-
when the sub-cellular detail rather than the multi-cellular structure is
discussed. In many cases some terms may be interchangeable. It follows that
most of the techniques employed on tissue (histo-) may also be employed
on cytopreparations. For detail-staining protocols, and more information
on special staining techniques, I would recommend [5].
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2.2.6.1 The Papnicolaou (Pap) stain

The most common stain used in cytopathology is the Pap stain. The
differential staining pattern permits prolonged periods of microscopy with
minimal eye-strain and it is the stain of choice for gynaecology cervical
cytology specimens. It is also used for staining non-gynaecological speci-
mens. However, this is dependent on personal preference and on the
availability and number of slides prepared.

2.2.6.2 Romanowsky stains

Romanowsky stains are performed on air-dried preparations and may be
automated or rapid manual techniques. They are most commonly used for
non-gynaecological specimens.

2.2.6.3 Haematoxylin and eosin (H&E)

The H&E stain can be used on both wet- and dry-fixed specimens. It is often
favoured for histology, by those who are familiar with it.

The numerous staining techniques employed in histology may also be
employed for cytopathology specimens as required. More examples of
special staining techniques are detailed in subsequent chapters.

2.3 Cytodiagnosis

The clinical role of the cytopathologist is to diagnose disease processes in
patients. He/she achieves this by interpreting morphological changes in the
context of clinical medicine and must therefore remain a clinician in order
to be able to relate findings to patient management. The cytopathologist
remains in contact with different facets of medicine and is constantly
consulted by clinical colleagues through diagnostic work and autopsy
findings.

Cytodiagnosis is a very complex process, with the final conclusion being
dependent on many factors, including: detailed site-specific knowledge;
experience of normality; familiarity with the numerous appearances of
disease; awareness of mimics and artefacts; clear understanding of the
limitations of the technique; and detailed clinical information.
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2.3.1 Morphology

Specimen cellularity provides us with important information about the
target organ/tissue. The number and type of cells present give important
information about the target tissue. For example, a very cellular specimen
may be caused by increased cell activity, known as hyperplasia, which may
be either physiological (e.g. breast enlargement) or pathological (e.g.
prostate enlargement).

On the other hand, an acellular specimen could mean decreased cell
activity (hypoplasia), which may be physiological (e.g. due to atrophy,
apoptosis, senescence or degeneration) or pathological (e.g. hypoplastic left
heart syndrome). It is the job of the cytopathologist to discriminate
between changes that are:

e non-neoplastic
¢ pre-neoplastic
e neoplastic.
This leads therefore to a very complex process, as the cytonuclear
differences between low-grade neoplasia and regenerative or hyperplastic

cells may be subtle and/or indistinguishable. Indeed, post-radiotherapy,
chemotherapy, viral changes and so on may mimic neoplasia (Figure 2.3).

Figure 2.3 Radiotherapy changes. A cervical smear showing typical post-radiation
changes, multinucleation, vacuolization, altered chromatin and inflammatory cell engulf-
ment. Magnification X40
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Figure 2.4 Normal glandular epithelium. Typical cytoarchitectural pattern of normal
glandular epithelium, regularly arranged in monolayers: a) en face, honeycomb; b) in
profile, picket-fence pattern. A cervical smear stained with Pap stain

2.3.1.1 Cytoarchitectural pattern

Architectural features are seldom seen in cytopreparations. However,
normal epithelium from many sites retains polarity and intercellular
adhesion. Glandular epithelium yields regularly-arranged monolayers: en
face, honeycomb; or in profile, picket-fence pattern (Figure 2.4).

2.3.1.2 Nuclear and cytoplasmic morphology

Normal cells are characterized by their morphological uniformity and
specific detail in the following:

« nucleus
e cytoplasm
* nuclear:cytoplasmic ratio

e cell size and shape.
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Glandular cells with ovoid homogenous nuclei

Squamous cells with small round or ovoid homogenous nuclei

Figure 2.5 Normal squamous and glandular epithelium. A cervical smear stained with Pap
stain. Note the nuclei are relatively small compared to the overall volume of the cellin both
the squamous and glandular epithelium, although this is clearer in the squamous cells. The
nuclei are round or ovoid in shape, and have a smooth nuclear contour and evenly-
distributed chromatin, which is homogeneous and finely granular. There is little variation
between cells of similar type and maturity

Changes in the morphology of the above are important diagnostic
indicators as the nuclear morphology reflects the state of proliferation
and reproductive capacity of the cell, and the cytoplasm generally provides
an indication of origin, functional state and degree of differentiation.

2.3.1.3 The classical features of a normal mature nucleus

A normal mature nucleus is relatively small compared to the overall volume
of the cell; it is round or ovoid in shape, with a smooth nuclear contour and
evenly-distributed chromatin, which is homogeneous and finely granular.
There is little variation between cells of similar type (Figure 2.5).

2.3.1.4 Nuclear:cytoplasmic ratio

In a two-dimensional cytopreparation, the nuclear size is proportional to the
relative nuclear area (cytonuclear index). Poorly-differentiated cells usually
possess enlarged nuclei for the same absolute cytoplasmic volume, that is an
elevated nuclear:cytoplasmic ratio. This is often difficult for the untrained
eye to detect, so I have prepared a series of diagrammatic representations of
increasing nuclear:cytoplasmic changes, from normal, through dyskaryosis,
to examples associated with cancer/invasion (Figure 2.6).
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Normal Abnormal Mild Dyskaryosis

Moderate Dyskaryosis Severe Dyskaryosis

Examples of cell changes

associated with invasion,
spindle cells and
keratinised cells.

e
S

Figure 2.6 Diagrammatic representation of nuclear cytolasmic ratio in a mature cell.
Examples of the nuclear:cytoplasmic ratio seen in a normal mature cell through mild,
moderate and severe dyskaryosis to cancer/invasion. As the severity of the lesion increases
so the nucleus occupies a greater proportion of the cellular volume, until cancer and
invasion, where the cytoplasm has almost been lost to a scanty strip or is almost fully

keratinised
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Figure 2.7 Changes associated with HPV infection. A cervical smear stained with Pap stain
showing the classical features of an HPV infection. Typical nuclear clearing (koliocyte),
irregular nuclear border and the slightly heterogeneous nuclear chromatin are all diagnostic
of HPV infection

2.3.1.5 Background milieu and artefacts

In a traditional smear there will be background details that may or may not
be helpful in reaching a diagnosis. The cytopathologist must first determine
if these features are cellular or noncellular. For example, there are numer-
ous features that can be found in directly-prepared slides which could be
artefact or diagnostic. The smear could be intensely blood-stained with the
blood obscuring the cells, making a diagnosis impossible. The same can
happen in cases of severe infection, where the agent may be bacteria such as
lactobacillus spp, fungus such as Candida albicans, viral changes such as in
koliocytosis (Figure 2.7) (found in human papilloma virus (HPV) infec-
tion) or a ground-glass nucleus (found in herpes simplex virus (HSV)
infection) (Figure 2.8).

Other agents are often observed, including crystals, mucus, fibrinopuru-
lent, connective tissue stromal content exudates, colloid, basement mem-
brane material, protein-rich fluid; the list is endless, which is another
reason why the cytopathologist is required to have such an extensive site-
specific knowledge of normality.

2.4 Gynaecological cytopathology

The British Society for Clinical Cytology working party on terminology
recommended that the term dyskaryosis was to be used when describing
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Figure 2.8 Changes associated with HSV infection. A cervical smear stained with Pap stain
showing the classical features of an HSV infection. Typical cellular changes such as multi-
nucleation, nuclear moulding, ground-glass chromatin, chromatin margination and intra-
nuclear viral inclusions are all diagnostic of HSV infection

abnormal nuclear morphology. Dyskaryosis comes from the Greek for
‘abnormal nucleus’, first described by Papanicolaou. The changes are
categorized as mild, moderate and severe, which are all pre-invasive and
may be correlated with the histological terminology ‘cervical intrae-
pithelial neoplasia’ (CIN), where mild dyskaryosis broadly relates to CIN
1, moderate to CIN 2 and severe to CIN 3 (Figure 2.9). The classical
changes associated with these catagories are grouped into nuclear and
cytoplasmic changes, outlined in Table 2.1(a) and (b), respectively. For a
detailed description of the morphological changes found in pre- and
malignant cells I recommend [6], which is the most detailed volume to
be found.

>

Figure 2.9 (Continued) moderate dyskaryosis (dysplasia). CIN 3 changes occupy >2/3 of
the epithelium and may involve full thickness (also referred to as carcinoma in situ). This
stage is equivalent to severe dyskaryosis (dysplasia). CIN 3 is a precursor to invasive
carcinoma of the cervix. An important point must be made here: a cytology report of mild or
moderate dyskaryosis does not always correlate well with the presence of CIN 1 and CIN 2.
A deciding factor is often the quantity of CIN rather than the quality. Histological samples
may display CIN 3 changes after a mildly or moderately dyskaryotic cytology smear result.
However, the degree of disparity is not usually so great
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CIN1
Failure to Differentiate
In bottom 1/3 epithelial layer

Superficial
Intermediate

Abnormal Cells

Basement Membrane

CIN2
Failure to Differentiate
In bottom 2/3 epithelial layer

Superficial

Intermediate

Abnormal Cells

Basement Membrane

CIN3
Failure to Differentiate
In bottom 3/3 epithelial layer

3/ Abnormal Cells
3

Basement Membrane

Figure 2.9 Histological classification of CIN 1-3. CIN 1 changes are confined to the basal
1/3 of the epithelium and are equivalent to mild dyskaryosis (dysplasia) in cytopathology.
CIN 2 changes are confined within the basal 2/3 of the epithelium and are equivalent to
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Table 2.1 Changes associated with a) the cytoplasm and b) the nucleus. The changes
listed may be observed alone, usually in cases of mild dyskaryosis/dysplasia, or several
may be observed together. In general the more observed together the greater the
degree of dyskaryosis. It is however not necessary to see all together for the lesion to be
severe

a)
Cytoplasmic Features
Variation in size and shape of similar cells — anisocytosis

Abnormal cells may have:

larger cytoplasmic volume

smaller cytoplasmic volume

nuclear:cytoplasmic ratio affected

ultrastructural composition of the cytoplasm exerting a major influence on staining
reactions, e.g. mitochondria, golgi, lipid, carbohydrate & hormones, etc.

keratinization — squamous differentation

cytoplasmic moulding

cell engulfment.

Degenerative changes:

swelling

vacuolation

loss of integrity of plasma membrane — cytolysis.

b)

Nuclear Features

Increased nuclear DNA content results in:

dense nuclear staining — hyperchromasia

irregular, coarse and clumped chromatin

thickened nuclear envelope — karyotheca

variation in size and shape of nuclei between cells — anisokaryosis or anisonucleosis

nuclear membrane becoming irregular, with grooving, indentation or crenation

multi-nucleation being observed.

nucleoli

normal nuclei containing small, discrete nucleoli composed of RNA and associated proteins

both multi-nucleolation and macro-nucleoli observed in proliferative states — both
neoplastic and non-neoplastic.

Degenerative chromatin may appear as:
a dense, contacted mass

dense fragments

undergoing dissolution.

2.4.1 The Cervical Screening Programme

The Cervical Screening Programme was introduced in England in 1964 [7].
The National Health Service Cervical Screening Programme (NHSCSP), as
we know it today in the United Kingdom, was introduced in 1988 [8]. The
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new programme employed a computerized call-recall system, and the
Department of Health, UK recommended that all women between the
ages of 20 and 64 years should be invited for screening every 3-5 years.

The programme had several important goals: to reduce the mortality
from cervical cancer; to reduce the incidence of invasive cancer; and to
identify and treat as many women as possible who develop CIN 3.

These screening programmes have been very successful in reducing both
incidence and mortality from the disease by early detection and treatment
of the pre-cancerous changes in the cervix [9]. In the United States, death
rates from cervical cancer reduced by 74% between 1955 and 1992 [10],
while in the United Kingdom approximately 1-2% of smears were reported
as showing moderate or severe dyskaryosis [11]. Figures from Cancer
Research UK [12] show that mortality rates resulting from cervical cancer
increase with age and women over the age of 75 have the highest percentage
of cancer deaths, while women under 35 years of age account for only 6% of
cervical cancer deaths [12]. Women receiving an abnormal report are
followed up with the relevant referral procedure according to the degree of
abnormality (Table 2.2).

However, even with the obvious success of established cervical screen-
ing programmes such as the NHSCSP, deaths still occur from cervical
cancer. In the United Kingdom in 2006 there were 949 deaths from
cervical cancer, which equates to a European age-standardized death
rate of 2.4 per 100 000 females (Table 2.3). Therefore, research is
underway to develop new and improved technologies/tests to further
reduce disease incidence and mortality. In this molecular age there have
been numerous new technologies developed, including the introduction
of vaccinations against high-risk strains of HPV, molecular HPV testing,
LBC, automated screening technologies and immunocytochemical
staining techniques.

2.4.2 Cervical cancer

Cervical cancer is the fifth most deadly cancer in women worldwide [13].
Early stages of this disease can be totally asymptomatic. The most
commonly-noted symptom is vaginal bleeding or spotting at abnormal
times such as between periods, post coitus or post menopause. Other
symptoms include discomfort or moderate pain during intercourse and
vaginal discharge. When the disease reaches an advanced stage symptoms
can include weight loss, pelvic pain, loss of appetite, fatigue, heavy vaginal
bleeding and back pain [14]. There are two main types of cervical cancer:
squamous cell carcinoma, accounting for approximately 85% of all cases,



(payoadsns st
BWOUIDIBD JAISBAUT
J1) 1s130[00U0
[eo130[009eUAS
0} [eL19Ja1 Juadin
aewr (App1ex)

10 £dodsod[od 0 19Joy

(s4varus

119 J0.99°0~) € NIO

siqeqoid Sunoapyar
SINI[EUWLIOUQE TEIPNN

Adoosod[oo 03 1950y

(s4vatus

v Jo %1~) . NID
a[qeqoid Sunoapgar
SOTI[EULIOUQE TBINN

[BULIOU 0] PaUIN]AT
QAR [[IM SIBITS JSOIA

sypuowr
XI5 ur Teaws jeaday

(pru

40 au1jiapioq aiv

SIVIS 11D J0 90 1—S)

-NID apei3-mof jo

JATIRDIPUL dIE 1B}
sanI[eULIOUqE 1BIDNN

[euLIou O} Pa3lIoAdl

QARY [[IM SIEIUIS JSOTA

sypuow

XI5 ur Jeaws jeaday

(pr1w 40 autyiapioq
24v sivaws [jv Jo
%0T1—S) SISOLIeNSAp
Juasaxdai

sagueyd Ay} IPYIYM
armsup ‘Juasard
dIe [BULIOU JOU dIe

ey} sadueyd IedaPNN

£doosod[oo 10§ 19501
‘synsa1 a1enbapeur
SATINOASUOD Y] YV

A[oyerpauuuut
Ieawrs oY) jeadoy
(s4vaws v
Jo %6 ~) stqap 4q
P31ndsqo S[[9 JO UOISIA

paxmbay uonoy

paxy/peaids
Af100d 10 Juasaxd
[BLI9}RW JUSDLINSUT

Jnsay
Jo uondusagq

s1sof1vysA(J 240428

s1sof1vysA(q 21v1apoN

s1sof1vysA piN

s1soAuvysA( aurgiopiog

ajpnbapvuy 1nsay 4vaus

NID Jo sitsoubelp jeaLbo)oisty 104 pa3da)0d aie sajdwes anssiy jews Adoasodiod buung *Adoasod|od
payed aunpadoud e obuspun Aew sjuaiied paitnbau jL pue 3oejd ut wajsAs 1edas e st sy wopbuly pajtun ay3 ug “9oualsisiad st pue sisohieysAp Jo
K3uaAss Jo 9a1bap ay3 uo Juspuadap st3nsal A60103A sy Jo Juswabeueyy Jnsas seaws ded jewsouqe ue buimonjoj aunpadosd dn-mojjo4  zZ°g 91qel



*[z1] 18213 os Arensn jou st A31redsip Jo 92139p ) 10AIMOH J[NSaI TedWS A30]014d d1j0ATRNSApP A[91RIopOoUr 10 A[pIu € I1a)je sadueyd
¢NID Aerdstp Aew sajdures [esr3ojoisty “Aienb oy ueyy soyier NID jo LAimuenb ay) usyjo st 1010e] 3UIPIP v "ZNID PUB [NID JO 20uasaid ay) yiim [[om
9]B[91100 SABM[E J0U S0P SISOATRYSAp d1e1apour 10 piw Jo 110da1 43010145 e :a10y apeur aq 3snwi Jutod Juerrodwut ue ‘g g 2INSI] Ul PIUOTIUIW APBII[E SV,

(s3eon 10
9Tem pue ydjem o)
S[[o0 [eWLIOUqE JO S[[2d [eULIOUqE JO aNUNUOd) 1L J0U
SBJIE JAOWIDI O} JBdI],  SBATe JAOWIAI O} JBdI], suondo juswadeue]y uondy
AqreorSor03sTy A[reorSoroisTy Areo18oroisTy SISy
pauLIyuod ¢ NID paurguod agels NID pawIyuod 1 NID Adossodjo)
Adodsodjoo 03
Adoosod[os 03 19501 I9J21 ‘S)[NST JI2AIS
‘S)[NS2I J)BIdPOW 2I0W IO JUI[IdPIOq
9211} 218 A1) 9211} 218 19T}
pouad 1eaf-usy e urj]  porrad resk-udy e ut Jy
Adoosod[oo
SUOISEID0 OM] 10 19J31 ‘SUISIOM
uo jsis1ad saueyd 10 (ST 39I1})
J1 Adodsodjoo 107 19)0y  sisisiad Ayiewrouqe Jj
[[eoa1 [[esax
[eULIOU 0} WINJOI [BULIOU 0} UINJII
‘sIBIWIS JeULIOU ‘sIedws [euriou

QATIMOIASUOD 92I7] 1)y  9ATINIISUOD 92.11] Iy



56 CH 2 CYTOPATHOLOGY

Table 2.3 European age-standardized mortality from cervical cancer by age group,
England and Wales. During the second half of the twentieth century the death rate from
cervical cancer for women aged 55-64 dropped by nearly 80%, from 30.0 per 100 000 in
1950-52 to 6.2 per 100000 in 1998-2000 [12]

Age Group
Rate per 100000 females — 25-34 35-44 45-54 55-64 65+
1950-52 1.8 7.4 18.0 30.0 33.7
1998-2000 1.3 4.0 5.2 6.2 11.8
Percentage Decrease 27.0 47.0 71.0 79.0 65.0

and glandular cell carcinoma (adenocarcinoma), accounting for 10-15% of
cases.

Records indicate that there are approximately 470000 new cases of
cervical cancer and 233 000 deaths annually, with approximately 80% of all
deaths from cervical cancer occurring in poor countries [15]. Figures from
the United States show that most of the cervical cancers found annually
(approx. 11 000) arise in women who have either never had a Pap smear, or
have not had one in the previous five years [16].

2.4.2.1 Human papilloma virus (HPV)

HPVs are of the Papovaviridae family, which consists of small DNA viruses
55 nm in diameter with a non-enveloped icosahedral outer coat surround-
ing a circular genome of double-stranded DNA of approx. 8000 bp
(Figure 2.10). Their classification is based on DNA sequence differences
in the coding region of certain proteins: early genes E1, E2, E4, E5, E6 and
E7, and late genes L1 and L2. To date, over 130 HPV types have been
described. The early genes are responsible for DNA replication, transcrip-
tional regulation and transformation. The late genes control the formation
of the capsid coat. The early gene products E6 and E7 encode the major
transforming proteins that are capable of inducing cell proliferation and
immortalization by binding to the tumour-suppressor gene products p53
and the phosphorylated retinoblastoma (pRB) protein [17].

Under normal cellular conditions, pRB and p53 regulate cell growth.
When infected by HPV, these functions may be disrupted and so cellular
transformation may occur. In order to progress to cervical cancer, HPV
infection with type 16 or 18 is essential; however, other cofactors have been
recorded. These include the use of oral contraceptives for five or more
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Figure 2.10 Computer artwork (left) and coloured transmission electron micrograph
(TEM, right) of HPV. Their protein coats, or capsids (purple, seen best in the artwork),
enclose their genetic material. The capsids are studded with surface proteins (blue)

years, smoking, high parity (five or more full-term pregnancies) and
previous exposure to other sexually-transmitted diseases such as chlamydia
trachomatis and HSV type 2 [18].

Infection is initiated when the virus gains access to the basal epithelial
cells. This usually occurs via a lesion of minor trauma (during sexual
intercourse) allowing the virus access to the target cells near or at the
cervical transformation zone. The viral life cycle is linked to keratinocyte
differentiation, and viral replication leads to koilocytosis, nuclear enlarge-
ment, multinucleation, dyskeratosis and even CIN. Integration into the
host chromosome correlates with lesion grade. It is rare in CIN 1 and very
common in CIN 3 and cervical carcinomas [14-17].

2.4.2.2 HPV and cervical cancer

Since the advent of recombinant DNA technology and the cloning of the
HPV types, the association between HPV, CIN and cancer has been
confirmed [15-20]. Compelling evidence, both epidemiological and mo-
lecular, indicates that persistent HPV infection is a pivotal step in the
development of cervical cancer. However, only high-risk oncogenes can
induce cancer and HPV types 16, 18, 45 and 31 most frequently [17-22] are
linked to almost 70% of cervical cancers worldwide [23]. The association
between HPV and cervical squamous cell carcinoma is higher than the
association between smoking and lung cancer [20].



58 CH 2 CYTOPATHOLOGY

2.4.2.3 Prevalence of genital HPV

Most women infected with genital HPV will not suffer complications from
the virus as host immunity can clear most low-risk oncogene HPV
infections, and as such obtaining exact figures is very difficult. However,
the Center for Disease Control in the United States has estimated that by the
age of 50 more than 80% of American women will have contracted at least
one strain of genital HPV [24].

2.4.3 Limitations of cervical screening

There are a number of limitations to the current Cervical Screening
Programme. It is generally accepted that the false-negative rate in manual
screening may be as high as 10% [25, 26]. The sensitivity of a single cervical
smear is assessed at 50% [27] and reports from Northern Ireland show that
10% of women have to return for a repeat smear, 10% receive an inadequate
result, 2% have three inadequate results and require referral for colposcopic
assessment, and 4.5% receive a borderline result [28]. Obviously no test is
perfect and there are deficiencies and inherent limitations in this
method. Evaluation of the cervical cells is performed manually; this is
time-consuming, laborious and prone to human error. A false-negative
result, which is when a negative report is issued despite an abnormal
lesion being present on the cervix, can be caused by a number of factors
relating to preparation and sampling issues, as detailed in Table 2.4.

Table 2.4 Sampling errors using traditional Pap smear collection. Some examples of
the types of sampling error that have resulted in the low sensitivity of the traditional
Pap smear

Smear Test Deficiencies

Collection of the cell specimen = Wooden spatula: not flexible, thus uneven spread and
distribution
Smears too scanty: may be due to atrophy/cytolysis
Not all cells collected are transferred to the slide

Site The cells must be collected from all of the cervical
regions (exo/endo-cervix and squamo-columnar
junction)

Blood and inflammation Cells obscured by blood and exudate (even other
epithelia’s)

Smear preparation Poor fixation

Air-dried artefacts

Suboptimal staining
Human error False negative

False positive
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The human-error issues are of more concern. False-negative reports
however may not be the biggest problem in these screening programmes.
In an attempt to decrease false-negative rates and thus increase sensitivity,
many laboratories have increased the rates of false-positive reports, bor-
derline results reported as atypical squamous cells of undetermined
significance (ASCUS), and inadequate rates, all of which has decreased
specificity. This has resulted in an increase in repeat requests and on average
1 in 10 tests is repeated. All of this results in backlogs in clinics and
referrals to colposcopy clinics. False-positive reports therefore are
more common than false-negative reports, and cause unnecessary
anguish and stress for patients, additional cost to the NHS and a loss of
credibility in the eyes of the public. True positives are also a problem, for
example in cases of transient HPV and CIN 1 that would have either
remained asymptomatic or not progressed to cancer had the patient not
been screened.

2.4.4 Liquid-based cytology (LBC)

In an attempt to improve the traditional Pap smear, LBC has been
introduced. The aim of LBC is to improve both the sensitivity and the
specificity of the cervical smear. In order to achieve these goals, changes
need to be made in the clinic to improve techniques for collection of
specimens, improve slide preparation and ensure optimal fixation.

LBC has been implemented in laboratories across the United Kingdom
using various systems [29, 30] and will be complete by the end of 2008. The
implementation was a result of an evaluation conducted by the National
Institute of Health and Clinical Excellence (NICE), which concluded that
LBC was as sensitive as conventional cytology and commissioned an
implementation pilot [27].

LBC differs in many ways from the traditional sampling method. One
important difference is that the cells are rinsed into a vial of fixative,
which allows better preservation of cells and so clearer nuclear staining
(Figure 2.11). Cell suspensions are prepared from the specimen; depending
on the manufacturer, this can be manual, semi-automated or fully auto-
mated. Any unused specimen may be retained in the laboratory. The cells
may be stored for up to four years in the laboratory with many additional
advantages (Table 2.5). For more detailed information on specimen
preparation visit the manufacturers’ Web sites [29, 30], which provide
excellent graphics and protocols.

LBC is also ideally suited to automated scanning systems and
in situ hybridization (ISH). An added bonus of LBC is that there is
sufficient material available to allow additional slides to be prepared for



The ThinPrep® System

Step 1

Step 2

Step 3

Step 4

(a) (b)

Figure 2.11 Cell processing using LBC. The automated process in the ThinPrep 2000
processor includes dispersion of the sample, precision filtration to collect cells on to a
membrane and transfer to a glass microscope slide. Step 1: a sample is collected in the usual
manner from the squamo-columnar junction with: a) a broom-type sampling device; b) a
cytobrush/spatula. Step 2: the sampling device is rinsed into transport media. The sampling
device is discarded, or in some cases the top is broken off into the medium. Step 3: the
collection vial is then capped, labelled and sent to the laboratory. Step 4: in the laboratory,
the vial is placed in a ThinPrep 2000 processor. A general dispersion step takes place,
breaking up blood, mucus and debris. A negative-pressure pulse then draws fluid through a
filter, which collects a thin, even layer of cellular material. The material is then transferred
on to a slide
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Table 2.5 Some examples of the advantages of using LBC for gynaecological sample
collection and processing

Cellular material evenly distributed and spread on the slide

Cellular material well-preserved

True randomized sampling of cell population for screening

Reduction of mucus, blood and inflammatory exudate on the slide

All cellular material retained in the laboratory in the transport/fixative fluid
Abnormal cells not obscured

Smaller screening area

Screening time reduced

Reduction in unsatisfactory specimens

Reduction in borderline results

additional tests, including:

e HPV

e chlamydia

e cytogenetic investigations

e molecular biology techniques
e teaching

e quality assurance.

2.4.4.1 The results of LBC

There have been conflicting reports in the literature as to whether or not
LBC for cervical screening really does improve on the conventional smear
test. A meta-analysis of 14 studies compared the sensitivity of LBC with the
Pap smear in several populations: high-risk, ordinary and those with low-
grade abnormalities. The authors calculated the relative risk of a false-
negative diagnosis with LBC vs. Pap smears. Overall sensitivity with LBC
was improved by 12% compared with the Pap smear [27]. However, in
another meta-analysis of six studies, no difference between the specificity of
LBC and Pap smears was found [27]. In the United Kingdom, pilot studies
have shown a statistically-significant decrease in the number of inadequate
specimens from 9.1% with Pap to 1.6% with LBC, which represents an 87%
reduction; p<0.0001 [31]. It has also been reported that LBC is a cost-
effective alternative to the Pap smear, on the assumption that the sensitivity
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and specificity of both methods are at least equal [31]. European studies
have reported inadequate rates falling from 0.7% to 0.3% with LBC
(p=10.002), and 40% more high-grade lesions were identified as a result
of LBC sampling (1.20% vs. 0.85%; p = 0.05 [32]). A large (22 446 women
aged 2560 years) multicentre study was conducted in nine centres in Italy,
designed to compare the accuracy of conventional cytology with LBC for
primary screening of cervical cancer. The authors concluded that LBC
showed no statistically-significant difference in sensitivity to conventional
cytology for the detection of CIN 2 or above. However, they also reported
that a large reduction in unsatisfactory smears was evident [33].

While the literature is littered with conflicting evidence, an editorial in
the British Medical Journal outlined why LBC was implemented in the
United Kingdom and drew some interesting conclusions [34]. LBC was
implemented in the United Kingdom to reduce the rate of inadequate
samples and increase screening capacity, and not to increase sensitivity.
However, in laboratories using LBC, specificity has been maintained and
detection rate has increased [35, 36], while the primary aims have been
achieved. The author of the original paper concludes that LBC is better than
conventional cytology, not only because of increased sensitivity, but
because of the addition of automation [34].

2.4.5 The human papillomavirus vaccine
2.4.5.1 History

Work began in the mid-1980s to develop the first HPV vaccine. The
research was undertaken simultaneously by researchers at Georgetown
University Medical Center, USA, the University of Rochester, USA,
the University of Queensland, Australia and the US National Cancer
Institute [37]. The first approved vaccine was marketed by Merck and
Co. in 2006 under the trade name Gardasil. By late 2007 Gardasil had been
approved in 80 countries, many under fast-track or expedited review [38].

In 2007, GlaxoSmithKline filed for approval in the United States for
another HPV vaccine, known as Cervarix. In June 2007 Cervarix was
licensed in Australia, and it was approved for use in the European Union in
September of that year [39].

Both Gardasil and Cervarix are known as preventative vaccines.
Research is currently underway to develop a therapeutic HPV vaccine.
Therapeutic vaccines generally focus on the main HPV oncogenes, E6
and E7, the theory being that expression of E6 and E7 is required for
the promotion of growth (immortalization) of cervical cancer cells. By
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initiating a host immune response against the two oncogenes, established
tumours may be eradicated [40]. Finally, the development of HPV vaccines
providing protection against a broader range of HPV types is currently
underway [41].

2.4.5.2 Mechanism of action

The preventative HPV vaccines, Gardasil and Cervarix, are based on hollow
virus-like particles (VLPs) assembled from recombinant HPV coat proteins
that target the two most common high-risk HPVs, types 16 and 18. In
addition, Gardasil targets HPV types 6 and 11, which together currently
cause about 90% of all cases of genital warts [42].

Initial infection is prevented as Gardasil (HPV 6, 11, 16 and 18) and
Cervarix (HPV 16 and 18) are designed to elicit virus-neutralizing antibody
responses against the HPV types they contain. The protective effects of the
vaccines are expected to last a minimum of 4.5 years after the initial
vaccination [43]. Since the vaccines only covers some high-risk types of
HPV, experts still reccommend regular Pap smear screening even after
vaccination.

2.4.5.3 Safety

The vaccines are reported to have only minor side effects, such as soreness
around the injection area, and are considered to be safe. They do not
contain mercury, thimerosal, or live or dead virus, only VLPs, which are
incapable of reproducing in the human body [44]. Merck, the manufac-
turer of Gardasil, will continue to test women who have received the
vaccine to determine the vaccine’s efficacy over the period of a lifetime.

2.4.5.4 UK pilot study

A pilot study conducted in Manchester, (1 = 2800) among school girls aged
12-13 years reported that the overall uptake of the vaccines was 71% for the
first dose and 69% for the second [45]. The authors report a lower uptake
among girls from minority groups and less affluent backgrounds. A higher
uptake is required in order that the vaccines are totally effective. In
addition, to be cost-effective an uptake of more than 80% is required [46].
However, the results of the pilot were welcomed by Cancer Research
UK [47].
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2.4.5.5 Vaccine implementation

In September 2008, the Cervarix HPV vaccine was introduced into the
United Kingdom’s immunization programme. The programme began by
immunizing 12-13-year-old girls in school. This will be followed by a
‘catch-up’ group of 17-18-year-old girls starting in autumn 2009. This
catch-up campaign will offer to vaccinate girls aged between 16 and 18 years
from 2009, and girls aged between 15 and 17 years from 2010. By the end of
the catch-up campaign, all girls under 18 will have been offered the HPV
vaccine. This vaccine requires a three-dose schedule at 0, 1 and 6
months [45].

Itis hoped that the vaccination programme will prevent 70-80% of cases
of cervical cancer [48], however, as with all vaccination programmes, its
success depends on uptake.

It will be many years before the vaccination programme has an effect
upon cervical cancer incidence, so women are advised to continue to attend
regular Pap-test call backs.

2.5 Conclusions

Very little has changed since Papanicolaou first collected vaginal samples,
stained them and noted the presence of abnormal cells which he concluded
originated in the cervix. The last ten years, however, have seen major
changes in how cervical smears are sampled and preserved, and slides
prepared.

The Cervical Screening Programmes have greatly reduced the incidence
of cervical cancer deaths. However, where there are no such programmes,
deaths continue to rise. Perhaps this was and is the most effective method of
preventing cervical cancer deaths. Unfortunately, in order to be completely
effective, uptake is required to be at least 80% and this level has not been
attained in the developing world.

The recent introduction of LBC has improved the method of sample
collection and allowed additional tests to be performed on well-preserved
specimens. It has also allowed additional research to take place, which will
add to our knowledge in the coming months and years.

The very recent introduction of the HPV vaccine holds great promise for
the future prevention of cervical cancer and deaths. Again, in order for this
to be effective, uptake of approx. 80% is ideal; only time will tell if this level
can be obtained and then maintained.

Finally, the majority of the methods described above are effective in the
developed world. Our focus now needs to be directed to the developing
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countries where cervical cancer deaths are on the increase. Perhaps the
research facilitated by LBC and the new vaccine production will be able to
reduce the death rate in the developing world, in a way that the screening
programmes, to date, cannot.
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Useful Web sites

American Cancer Society: http://www.cancer.org

Cancer Research UK: http://www.cancerresearchuk.org

Cervical Screening Programme UK: http://www.cancerscreening.nhs.uk

SurePath LBC: http://www.bd.com/tripath/products/surepath/index.asp

Cytyc Corporation, ThinPrep: http://www.thinprep.com

National Institute of Clinical Excellence (NICE): http://www.nice.org.uk

Merck: http://www.merck.com.
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3.1 Introduction

Flow cytometry can be defined as a semi-automated procedure for the
interrogation of single cells in a continuous fluid stream, enabling the
derivation of simultaneous measurements of multiple extra- and intra-
cellular characteristics. The objective of flow cytometry is very simple: to
measure by quantitation of photon release, constituents of the membrane,
cytoplasm and nucleus of a particular cell or group of cells.

For simplicity, a model of peripheral blood leucocytes can be used to
demonstrate some of the more basic functions of the flow cytometer. In the
first instance we will look at what is perhaps the easiest, but still an
important, aspect of flow cytometry, which is isolating the cells of interest
electronically.

The sample of whole blood must first be depleted of the red cells, which
can easily be done by using a hypotonic red-cell lysing solution such as
ammonium chloride. The effect of this treatment is to hypotonically burst
the red-cell membrane and leave the leucocytes unharmed and ready for
analysis. This is an important process as red cells will outnumber leucocytes
by a factor of approximately 1000 : 1, making the analysis of the leucocytes
much more difficult.

Analysing the sample of leucocytes found within a lysed blood sample
with the flow cytometer, without the addition of any antibodies or dyes,
shows a typical distribution as seen in Figure 3.1.
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© 2009 John Wiley & Sons, Ltd. ISBN: 978-0-470-51597-6



70 CH 3 FLOW CYTOMETRY

SSC-H
6|00 890 1000

490

200
PR

0

0 200 400 600 800 1000
PSC-H

Figure 3.1 Scatter properties of lymphocytes (L), monocytes (M), granulocytes (G) from a

lysed sample of whole blood

The three populations of cells described above may not all be of interest
to the analysis. An electronic ‘gate’ therefore can be applied to isolate the
lymphocytes from the monocyte and granulocyte populations, which in
this case are not of analytical interest. This leads to only the lymphocyte
population being observed within the gated histogram, simplifying and
increasing the relevance of the statistical analysis (Figure 3.2).

Cell surface and cytoplasmic measurements are usually of cellular
antigen expression, where the most commonly used probes are monoclonal
antibodies directed to specific antigens on or in the cell; for example, CD3 is
a typical surface marker for T cells, while CD22 is a typical cytoplasmic
marker for early B cells. Dyes may be used that are specific for DNA, such as
Hoechst 33342; RNA, such as Pyronin-y; or other intracellular constitu-
ents, such as Indo-1 for calcium.

Multiple antibodies can be used simultaneously within the same sample,
each antibody possessing a spectrally different attached fluorescent report-
er molecule. These reporter molecules can be made up of various fluor-
ochromes and visualized based on characteristic wavelength emission
spectra, as in Figure 3.3.

The flow cytometer is designed to be able to detect the spectral
differences of each of these reporter fluorochromes by the use of optical
filters, enabling the differentiation of each antibody to specific antigens on
the same cell. The resultant data will give an antigenic profile of each cell,
predetermined by the specificity of the antibodies used. In the case of the
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Figure 3.2 Plotting CD3 positivity. CD3 on all cells is 42.27%. Some weak binding to the
right of the negatives could be nonspecific monocyte binding of the CD3. Below is an
electronic gate placed on to the lymphocytes (R1). The cells from this gate are used in the
histogram analysis, showing 80.44% of lymphocytes positive for CD3. The monocyte
reaction is eliminated from the analysis
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Figure 3.3 Diagrammatic representation of fluorescein isothiocyanate (FITC), phycoery-
thrin (PE), peridin chlorophyl protein (PerCp) and allophycocyanin (APC) conjugated
antibodies attached to the surface of a target cell: FITC excitation 488 nm, emission
525 nm; PE excitation 488 nm, emission 575 nm; PerCP excitation 488 nm, emission 660 nm;
APC excitation 635 nm, emission 660 nm
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dyes, these are fluorochromes in their own right and will bind to the cell
constituents specific to each.

The objective then, once a sample of interest has been obtained from the
patient, is to isolate the cells of interest (either electronically by gating, or
physically by the use of density-gradient centrifugation), using appropriate
probes to identify the target molecules, interrogate the samples by the flow
cytometer and acquire the resultant data. One must make sure that the
correct excitation sources are used with respect to the probes and that the
appropriate detectors are present to measure the emitted fluorescence.
Once all this is in place, the data is digitized by the computer and displayed
as frequency histograms and dot plots.

3.2 Sample preparation

Good sample preparation is paramount in achieving reliable and accurate
results. The objective is to prepare a single cell suspension representative of
the sample under investigation, avoiding, or at least minimizing, any losses
of cell population due to processing artefacts such as centrifugation or
density-gradient separation. Flow cytometry can investigate almost any cell
type, but one special example is that of whole-blood analysis.

Leucocytes can be analysed from a sample of whole blood without the
necessity for density-gradient centrifugation. The process involves staining
the sample of blood either before or after red-cell lysis, or with a vital DNA
dye. The use of a vital dye is sometimes very useful in instances when red-
cell membranes become resistant to lysis, such as in HIV infection or certain
haemoglobinopathies. Red-cell lysis is achieved by adding a hypotonic
solution that will swell and then eventually burst the red cell, while leaving
the leucocytes relatively unharmed. The alternative is to use vital nuclear
dyes such as DRAQ5 (Biostatus), Cytrac Orange (Biostatus) or Vybrant
(Invitrogen); the dye binds to the DNA of the nucleated cells after
permeating their membranes. This enables the gating of dye-positive cells
for examination within the analysis histograms, by excluding any dye-
negative non-nucleated cells (i.e. red cells). This can have the added benefit
when dealing with antigens of being sensitive to lysing reagents. One
example of this strategy can be seen in Figure 3.4, which demonstrates the
use of DRAQS5 to visualize the nucleated cells in a sample of peripheral
blood without using lysis reagents.

It is very important when adding antibodies to a sample to ensure that
the number of cells within the sample tube is known. This enables the
addition of excess antigen, thereby avoiding weak staining. This is some-
times difficult as not all manufacturers specify an antibody volume per cell
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Figure 3.4 Whole-blood sample following: (a) lysis using ammonium chloride; (b) a
sample not lysed but DRAQS5 stained; (c) thresholded whole blood expressed as FSCV SSCiin
the last dot plot. FSC, forward scatter; SSC, side scatter

concentration. In this case the user must titre the antibody for maximal
fluorescent intensity on a known positive cell population at a defined cell
concentration (usually 1 x 10%/ml).

3.3 Principles of the flow cytometer
3.3.1 Introduction of the sample to the flow cell

The flow cell is where the cellular interrogation takes place, the objective
being very simple: to allow the cell of interest to pass through the laser (or
lasers) interrogation point and then for the product of that interrogation to
be displayed as physical and fluorescent properties of that cell.

The cells must be in a single cell suspension for accurate interrogation.
They are put into a test tube then placed on to the sample injection port of
the instrument. The sample is delivered to the flow cell by one of two
possible mechanisms. The first is to aspirate the sample using a syringe,
which then in a dual role delivers the sample to the flow cell by user rate-
defined delivery. The second mechanism is perhaps the more common,
whereby the user determines one of a series of pressures to be applied within
the sealed sample tube, forcing the sample through the flow cell by positive
pressure. The cell journey has to be very precise in terms of both speed and
trajectory through the flow cell to ensure optimal excitation of any
fluorochromes and to gain optimal scatter characteristics from the cells.

This alone however will not ensure that the cells are coincident with the
laser beam. There are two mechanisms which need to be active: hydrody-
namic focusing and laminar flow. Within the flow cell sheath, fluid is
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Figure 3.5 A diagrammatical representation of a typical cross-section present in an
analysis flow cell, showing the laser interrogation point. Sheath fluid enables hydrodynamic
focusing of the cells within the sample stream, which is flowing from the injector tip, past
the laser, and then to waste

constantly running at a typical pressure of 4.5-5.0 psi. This acts as a
focusing force for the sample core as it is introduced into the flow cell
where the sample core is hydrodynamically focused. The cells should then
pass the centre of the interrogation point of the laser beam. Sample and
sheath fluid will not come into contact because of the laminar flow system
that is created, separating the two fluids. Once the cells are analysed they go
to waste, along with the sheath fluid (Figure 3.5). Where the sheath-fluid
pressure and flow-cell dimensions should be constant, increasing sample
pressure will widen the sample core diameter to accommodate the larger
volume of sample introduced by increasing the sample pressure (or rate, in
systems that are syringe-driven). The sample velocity remains constant.

3.3.2 Laser interrogation at the flow cell

The parameters derived from the cells are forward scatter and side scatter,
or large-angle light scatter. Forward scatter is scattered laser light measured
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Figure 3.6 Diagrammatic representation of the plan view of an antigen-bearing cell,
showing the relative directions of laser, forward-scattered light, side-scattered light and
incident direction of the laser beam

in the line of the laser, where it is detected at an angle of <10° and is
representative of an approximation of size. Side scatter measures laser
scatter and emitted fluorescence at 90° to the laser and is representative of
an approximation of intracellular granularity and surface topography. The
diagrammatic representation of the flow cell in Figure 3.6 shows both
hydrodynamic focusing and laminar flow, each contributing to the correct
interrogation of the cell by the laser beam.

When the laser interrogates the cell, the parameters derived are forward
and side scatter (both from the 488 nm laser scatter). The forward and side
scatter can give a lot of information with regard to the physical attributes of
the cell, but most analysis is done by using the flow cytometer to measure
fluorescent probes. The number of fluorescent probes detectable by a single
instrument has escalated to 18, and by the time you are reading this,
probably more, enabling flow cytometry to produce vast amounts of data
on relatively small numbers of cells.

Carefully selected fluorochromes can be used simultaneously, but for
each the excitation and/or emission spectra must be distinct. An aid to
expanding the choice of fluorochromes is the ability to insert multiple lasers
into flow cytometers, enabling more excitation lines.
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3.3.3 The rate of analysis

Dependent upon the flow cytometer, the rate of analysis (i.e. the speed at
which the cells can be accurately interrogated) will vary from 3000 events
per second (older type instrumentation) to 20 000 events per second and
above for the new ‘digital’ instruments. These limits are important for the
generation of good data representation of the cell population under
analysis. Exceeding the limits of an instrument’s electronic circuitry will
lead to electronically-aborted events that it cannot measure accurately due
to the excessive sample throughput rate (Figure 3.7). The data-rate limit
therefore is a reflection of how quickly the instrument can see a cell,
measure the parameters and reset itself to analyse the next cell. This is
commonly known as the ‘dead time’ of the instrument. These dead time
values will reflect how quickly events can be processed by each individual
instrument and the effect of varying dead time limits can be seen in terms of
beads of varying known concentrations analysed by instruments of differ-
ing acquisition capabilities split into analogue and digital instrumentation
groups.

The measurements are enabled by laser interrogation of the cells from
within the quartz flow cell, and the analysis by a process called pulse
processing of the representative photons released. The photons are con-
verted to a proportional voltage (V) by use of a photomultiplier tube
(PMT). The PMT detects photons that are reflected towards it and
produces a proportional number of electrons by the use of a photocathode.

10000 / —e—Verified Trucount
8000 / = Digital
6000
/ Analogue |
4000 ey
/ —»— Analogue I
2000

o ol

0 . T T T i
500/ul 1000/ul ~ 5000/ul  10000/ul

Figure 3.7 A comparison between counting methodologies. x-axis shows concentration of
5 micron beads. y-axis shows that counts achieved for digital instruments are close to
theoretical values (verified Trucount), but for analogue instruments after 3000 events per
second errors are encountered due to slower signal processing and consequent aborting of
events



3.3 PRINCIPLES OF THE FLOW CYTOMETER 77

1 Laser MT\V\
C I~
Time
/v/
2 Laser PMT
\
CIj Time
. Vv
3 Laser PMT|

Time

Figure 3.8 Asingle cellis travelling through the interrogation point of the laserin steps 1
to 3, creating the appropriate pulse with respect to time

These electrons can be ‘multiplied’ (or not) by the operator to achieve the
sensitivity required for a particular experiment; this is usually a function of
negative cell autofluorescence. The result is the measurement of a photon-
proportional voltage and the creation of a pulse over time of a single cell
transit in the laser beam (Figure 3.8).

3.3.4 Pulse processing

A pulse is generated and is representative of each measured characteristic
of the cell under interrogation; this then has to be displayed as meaningful
data. This is done by measuring either the pulse area or the height. Both
these parameters are usually preset by the instrument manufacturer,
although on more modern instruments pulse height, area, width and
ratio of signals are available for each parameter and can be selected by the
user.

The voltage measured after the PMT is usually a maximum of 10V, so a
cell with no fluorescence =0V, a cell with maximum fluorescence =10V
and the cells that are in between will fill the 0-10V gap to form a
fluorescent-intensity histogram. The filling of the histogram is dependent
upon the power of the analogue-to-digital co-processor (ADC) and the
relative fluorescent intensity of the cell.
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Figure 3.9 The distribution by frequency of cell number (y-axis) and intensity of signal
(x-axis). 1024 channels; each corresponds to a voltage generated by photons emitted either
from the laser beam directly or as secondary emission from the fluorochrome. Voltage is
usually 0.009V per channel, so 10V = 1024 channels

An ADC converts the analogue voltage from the PMT to a digital value
proportional to the initial value. Most standard bench-top instruments will
have an ADC that s 10 bits (2'°), which allows the pulse to be measured and
distributed within 1024 bins, or channels, in the histogram. Instruments
now coming on to the market have an output of 2'® and are able to
distribute signals over 262 144 channels, and hence increase the resolution
of data (Figure 3.9).

There is now one more decision that needs to be taken regarding the
visualization of the cell data, and that is whether to distribute the datain a
linear or a logarithmic fashion. This decision is based on the degree of
variation shown by the cell parameter under analysis, for example phe-
notyping of lymphocytes where CD4 positives can be 100 times as bright as
the negatives, or in DNA analysis where the GO population is half the
fluorescence value of the G2/M dividing sample. The data that is collected is
all initially linear where the measured analogue voltage is from 0-10V
linear scales, as described previously. If, however, the cells are very
dissimilar in relative fluorescent intensity then either the signals must go
through a logarithmic amplifier to compress the bright and amplify the dim
data, so enabling the whole data to be displayed, or the channel numbers
within the histogram must be distributed in a logarithmic or a linear
fashion (this however relies upon a high number of channels making up the
histogram, as in a 2'"® ADC system; Figure 3.10)

3.3.5 Sample handling by the flow cytometer

Consider the example of a cell with four fluorochromes attached to it.
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Figure 3.10 Distributing the data in logarithmic and linear plots. The logarithmic
distribution of CD3-negative (P6) and CD3-positive (P7) cells. Positive cells give up to
100 times brighter fluorescence than negatives. The lower plot shows a typical cell-cycle
analysis, where the initial GO population is placed on to the linear scale so as to visualize the
G2/M population with approximately twice the fluorescent value of the GO

The signal that is emitted from the cell will be forward-scattered light
(488 nm laser light), side-scattered light (488 nm laser light) and any
fluorescence signals, for example FITC (525 nm), PE (575 nm), PerCypCy5.5
(680nm) or APC (660 nm). Several other fluorochromes could be used,
provided the flow cytometer is equipped with the appropriate fluorescent
detectors. This now brings us to a very important aspect of flow cytometry,
namely which fluorochromes to pick and how to set up the flow cytometer to
detect the fluorochromes of interest. Before we consider the use of the most
common fluorochrome, FITC, let us recap on some basic facts defining what
a fluorochrome is and why it fluoresces.

A fluorochrome absorbs light from an excitation source, in this instance
the laser beam, which results in the electrons of the fluorochrome entering
the next electron orbital; an unstable state. For the molecule to then reach a
stable conformation, the absorbed energy is dissipated by heat and vibra-
tion, resulting in the emission of a longer wavelength of photons (the
emission wavelength for the molecule). It is important to note that when
looking at the specifications for fluorochromes the maximum excitation of
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Figure 3.11 Excitation and emission spectra. A typical example of excitation by a blue
laser at 488 nm of PE, which has a maximum excitation far to the right. PE is one of the more
common fluorochromes used on instruments equipped with blue lasers

the laser required need not be exactly, for example, 488 nm. The reason for
this is that excitation of each fluorochrome takes the form of a spectrum,
thereby enabling lasers of specific wavelength to excite areas of the
excitation spectrum away from the peak, although sub-optimally. Also of
note is that, independent of excitation wavelength, the emission of each
fluorochrome will be the same. In Figures 3.11 and 3.12, the excitation and
emission spectra of phycoerythrin can be seen. Note the excitation maxima
of 568 nm and the relative position of the 488 nm laser excitation used to
visualize this fluorochrome.

It should also be remembered that different fluorochromes have differ-
ent ‘brightnesses’, a function of the extinction coefficient and quantum
fluorescence yield of each molecule.

Excitation .
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Figure 3.12 The mechanism of blue laser excitation on fluorescein; the electron excita-
tion and resultant fall back to the ground state of the electrons, which produces photons of a
longer wavelength and gives rise to the emission wavelength of fluorescein
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Figure 3.13 Ranking in order of brightness on a Becton Dickinson LSR II of some common
fluorochromes

As a general rule, the choice of fluorochrome is usually based on the
principle that the weaker the antigen expression, the brighter the fluoro-
chrome that should be used (Figure 3.13).

3.3.6 Sample specificity

If we take as an example the labelling of a CD3 T-cell antibody incubated
with a sample of lymphocytes, there are two reactions that take place
(Figure 3.14):

Emitted Fluorescent Intensity o« Binding Sites

FITC

FITC

Number of Events

Fluorescent Intensity —»

Figure 3.14 Diagrammatic representation of nonspecific and specific binding of an FITC-
conjugated antibody where the FITC-conjugated antibodies attributable to specific staining
are proportional to the antigen sites on the cell
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(1) Specific binding via the interaction of the anti-T-cell antibody with the
T-cell antigen, so defining T cells within the lymphocyte population.
The intensity of the staining is proportional to the number of anti-
bodies bound on to the T lymphocyte, this being directly proportional
to the number of antigenic sites.

(2) Nonspecific binding of the antibody on to non-T cells within the
lymphocyte population. This is at a much lower intensity than the
specific staining and can be attributable to complement receptor
binding and cross-reactivity of the antibody to non-T-cell antigens.

Diagrammatically, the effect of antibody staining can be seen on all cells,
not just the target population.

The steps for optimal cytometer set-up for the detection of these
respective negative and positive populations are very straightforward.

Defining what is negative is the most important step in flow cytometry.
This can be achieved by the use of an isotype control, where cells are
incubated with the same protein concentration, fluorochrome and immu-
noglobulin subtype as the specific test antibody. Occasionally however,
isotype controls can have very different staining characteristics to the
specific antibody in terms of nonspecific binding, and it may be better to
use totally unstained cells or, better still, the negative population of the
positively-stained sample, to adjust the settings of the PMTs. This usually
places the negative population within the first log decade, provided of
course there is a well-defined negative population present.

The photons released from the antigen—antibody-specific and nonspe-
cific FITC-complex are relayed to the PMT allocated for the FITC signal.
The photons are steered towards the PMT using a mixture of optical filters,
which allow light of the specific FITC wavelength to be delivered and the
fluorescence frequency histogram to be produced.

3.3.7 Spectral compensation

It is essential that, in the case where two or more fluorochromes are being
used within the same sample, any spectral overlap between the fluoro-
chromes is eliminated, thus ensuring that, for example, the FITC signal
represents only the antigens marked by the FITC-conjugated antibody and
not those affected by any spectral overlap from a PE-conjugated antibody,
and vice versa. Also of importance is the accurate measurement of cells that
contain both fluorochromes by virtue of both antigens being present on the
cell surface. In Figure 3.15 the spectral overlap for both fluorochromes,
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Figure 3.15 Capturing the emission spectra. This diagram shows two band-pass optical
filters, shown as 530/30 to capture FITC and 585/42 to capture PE signals, as well as the tail
of FITC that goes into the PE measured area, and a small amount of PE that enters into the
FITC measured area (spectral overlap)

FITC and PE, can be seen. Also, there is the capacity to see the extent to
which the spectra overlap within the respective shaded areas. In addition,
the objective positioning of the four major populations to be considered
when adjusting compensation using negative-, single- and dual-stained
populations can be observed (Figure 3.16).

The resultant dot plot when the FITC (green) signal is allowed to spill
into the PE (red) channel can be seen in Figure 3.17.

This is a very important aspect of flow cytometry, where it is common to
use up to eight colours in some routine analyses. In order to ensure that the
results are accurate and representative of the cell phenotype and/or
genotype, compensation has to be implemented with a great deal of care
and precision.

3.4 Clinical applications

Now that we know how the histograms and dot plots are generated by the
flow cytometer the interpretation is relatively simple. But as I have shown,
the data produced is very heavily reliant on good sample preparation and
careful operation of the flow cytometer. Major clinical applications where
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Figure 3.16 Diagrammatic representation of compensation. Single, green-only cells
should appear on the y-axis; single, red-only cells should appear on the x-axis; cells that
have equal amounts of green and red should be on the 45° line. In order to place the cluster
of cells in the correct position, the red-only cell cluster should have the same y-axis-median
fluorescent intensity as the negative cells. Also, the green-only stained cells should have
the same x-median fluorescent intensity as the green-stained cells
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Figure 3.17 Compensating for overlapping spectra. The first dot plot is an example of
how a plot will look in uncompensated data and the second dot plot shows correctly
compensated data
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flow cytometry is used include the diagnosis and subclassification of acute
leukaemia and chronic lymphoproliferative disorders, including chronic
lymphocytic leukaemia and non-Hodgkin lymphoma, HIV monitoring
and DNA analysis.

3.4.1 Haematological malignancies

Flow cytometry acts as an invaluable aid to the diagnosis of haematological
malignancies. It is one part of a complex piece of diagnostic pathology that
includes morphology, histology, cytochemistry, immunocytochemistry, cy-
togenetics and molecular genetics. There isinevitably a large panel of lineage-
specific markers for each of the cell types that can be involved in the malignant
process. Below are some examples of dot plots from pathology samples.

3.4.2 T-lymphoblastic lymphoma

Figure 3.18 shows a malignant T-cell disorder giving rise to the clonal
expansion of immature T cells. The young male patient presented with a
mediastinal massand pleural effusion. The totalleucocyte countin the pleural
fluid was 55 x 10/1, of which approximately 77% were blasts and 23% small
lymphocytes. A few neutrophils, mesothelial cells and macrophages were also
present. The dot plots in Figure 3.18 show the reactions with a range of
fluorochrome conjugated monoclonal antibodies. The blasts have been gated
separately on the basis of their CD45 expression and side scatter and, instead
of a standard plot, presented by plotting side scatter against CD45 immuno-
reactivity. CD45 (leucocyte common antigen) is differentially expressed onall
human leucocytes, allowing gating of specific cell populations with subse-
quent exclusion of cells of no interest to the current experiment. Subsequent
plots illustrate the percentage of cells positive with the respective antibody.
This analysis was consistent with a diagnosis of T-lymphoblastic lymphoma,
with a common thymocyte phenotype (CD3-ve, cytoplasmic CD3+,
CD7+, CD2+, CD5+4, CD4+, CD8+, TDT—/+ —).

Any residual normal haematopoietic elements from Figure 3.18 can also
be evaluated, as the example in Figure 3.19 shows.

3.4.3 Acute myeloid leukaemia (AML)

There are varying degrees of maturation and differential granulocyte
involvement within the AML group. This example shows minimal
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Figure 3.18 Pleural effusion of T-lymphobalstic lymphoma. From left to right, the large
lymphoma population is defined using (1) SSC vs. CD45 to give CD45+ and CD45—
populations by gating. The CD45+ in the major lymphoma population is displayed in
terms of the following antigens: (2) CD10/CD19; (3) CD2/CD19; (4) membrane CD3/CD19;
(5) CD7; (6) cytoplasmic CD3/CD45; (7) CD4/CD8 and CD8; (8) CD34/CD45. Note that the use
of cytoplasmic markers is very useful in instances where very immature cells may contain a
lineage-specific marker intracytoplasmically, such as T-cell specific CD3, but where the cell
has not matured sufficiently to demonstrate this marker on its membrane. Also, the gating
excludes a small mature lymphocyte population strongly CD45-positive at the base of the
gate, which is analysed in Figure 3.19. SSC, side scatter

evidence of maturation, but some markers are useful in defining
maturation, including CD11c, myeloperoxidase (MPO) and CD68. This
example shows a homogeneous population when forward scatter is
plotted against side scatter. The immunophenotype obtained by gating
on this population is largely correct. However, when CD45 expression is
plotted against side scatter, a separate CD45-strongly-positive, low-side-
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Figure 3.19 The small lymphocyte population in Figure 3.18 can also be typed by the
markers used, verifying the mature lymphocyte phenotype. From left to right: (1) CD45
(bright red); (2) CD19/CD10; (3) CD2/CD19; (4) membrane CD3/CD19; (5) CD7/CD33; (6)
cytoplasmic CD3/CD45; (7) CD4/CD8; (8) CD45/CD34

scatter population separates from the main concentration of events. This
small population represents normal lymphocytes, while the large popu-
lation identifies the malignant cells. CD45 is often more weakly ex-
pressed on malignant cells than on normal counterparts. Thus, a more
accurate assessment of the immunophenotype would be obtained by
gating out the lymphocytes and analysing antigen expression on the
leukaemic cells only. This is good practice and becomes even more
essential when the malignant population forms a smaller component of
total cells.

Figure 3.20 shows an example of AML with some of the more common
phenotypic markers used for flow cytometry.
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Figure 3.20 Acute myeloid leukaemia (AML). From top-left to bottom-right: (1) scatter,
gated, showing a homogenous population of cells; (2) SSC vs. CD45 showing the ungated,
lymphocyte population (not coloured) and weaker blast population CD45 (gated, red); (3)
CD10/CD19; (4) CD45/cytoplasmic CD117; (5) CD33/CD7; (6) CD14/CD64; (7) CD45 and
CD45/cytoplasmic MPO; (8) CD45 and CD45/cytoplasmic CD13; (9) CD45/Tdt. MPO, mye-
loperoxidase; SSC, side scatter; TdT, terminal deoxytransferase

3.4.4 Human immunodeficiency virus (HIV) monitoring

The monitoring of T- and B-cell subtypes is of particular importance in
patients with HIV. In particular, the CD4 count, as opposed to percentage,
is monitored very closely with respect to the treatment for these patients. It
is also important to discriminate CD4-positive T cells from any other cells
that may have CD4 on their surface, such as monocytes that contain
relatively lower but still discernible levels of CD4.
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The evaluation of percentages by using fluorescent microscopy and
monoclonal antibodies to CD4 and CD3 was an early method for this test.
Progress to the use of flow cytometry enabled an increase in speed and
accuracy. Dual-colour flow cytometry was used in the evaluation of the
CD3+/CD4+ T cells as a percentage, using a gate specific to lymphocyte
forward- and side-scatter properties. The next modification was to add a
CD45 to make this a three-colour assay, so that the slight inaccuracy and
user-variability from the scatter gate was eliminated. The CD45-negative
debris was also eliminated from the gate.

The accuracy of results was improved, and instead of reporting
percentages of CD4 cells, absolute counts were reported. This gave the
benefit of a finite measurement of a patient’s CD4 status, as opposed to a
relative percentage dependent on the levels of the other lymphocyte
elements present. There are two different methodologies for achieving an
absolute count on a flow cytometer, which are very much instrument-
specific. (1) The use of a flow cytometer that will measure a finite
volume during the analysis. This will be from either a syringe
mechanism or a direct volumetric measurement (Partec) and will
therefore calculate the absolute number of cells from the percentage of
cells and volume analysed. (2) The use of beads in a sample calibrator.
This is the most common method, whereby the beads of a known
concentration are placed within an exact volume of sample. A ratio of
beads to cells is observed and the absolute count can be calculated by from
this.

The example in Figure 3.21 is from a six-colour HIV pre-mixed
antibody cocktail produced by Becton Dickinson. The calibration beads
for the count are already distributed into the tube used for the analysis,
and the concentration of the beads is entered into the software to enable
automatic evaluation of the absolute counts. The operator adds the
appropriate sample volume of blood and antibodies to the tube, then
incubates and lyses the sample. The sample is placed on the flow
cytometer; the instrument settings are optimized by an automatic
instrument calibration procedure for this type of assay so that the
sample is analysed without any user intervention, unless editing of
results is required. The software then calculates the counts and percen-
tages. This type of automated analysis is now necessary for what is a very
high-throughput test. Figure 3.21 shows an automatically-generated
report form a six-colour HIV assay, employing a protocol using a
manufacturer-produced pre-mixed antisera that can be automatically
configured to run using calibrated bead-generated PMT and compensa-
tion settings.
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Figure 3.21 Human immunodeficiency virus (HIV). This shows an automated six-colour
HIV screen. From left to right: (1) SSCvs. CD45; (2) SSCvs. CD19 including calibrant beads for
absolute counting; (3) SSCvs. CD3 and CD3; (4) CD4 vs. CD8 showing at the top left; this plot
is gated on CD45-positive and CD3-positive; (5) (D19 vs. CD16; this plot is gated on CD45-
positive and CD3-negative, depicting CD19- and (D56/CD16-positive cells to make up a
comprehensive HIV profile. SSC, side scatter

3.4.5 DNA analysis

The DNA content (ploidy level) and proliferation rate of the cells can be
determined by the proportion of cells within each discernible phase of
the cell cycle. Cells with 2N DNA can be classified into GO (non-cycling)/
G1 (pre-synthesis growth, GO0G1), S (DNA replication containing
between 2N and 4N amounts of DNA) and G2 (post-synthesis growth)/
M (mitosis).

If a single parameter evaluation of DNA content is carried out, the
compartments identified are GO/G14-S +G2/M. The most common stain
for DNA analysis is propidium iodide (PI). This, upon permeabilization of
the cell, will bind one molecule to approximately five base pairs of DNA. It
will also bind to RNA, so RNase treatment is necessary prior to staining.
Permeabilization is a very important step in the detection of DNA within
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cells by dyes that do not have the ability to pass through the membrane.
There is a necessity with dyes such as PI to ‘puncture’ the cell gently in order
to allow pores to develop in the cell membrane, thus allowing the DNA to be
exposed to chelating dyes. The most common way to do this is to place the
cells drop-wise into 70% ethanol at 20 °C. The stoichometric association of
PI to DNA means that differential levels of DNA and therefore the different
compartments of the cell cycle can be detected within the sample. The G2/M
population occupies a position on this linear histogram at twice the channel
number of that of the GO/G1 population, representing the increase by a
factor of two of the DNA content present within the G2/M phase cell. One
possibility of error in determining an accurate G2/M population is that if
two GO/G1 cells are clumped together, the flow cytometer may see and place
these (2N DNA) in the position of one G2/M cell (4N DNA). To minimize
the risk of this happening, electronic circuitry called a ‘doublet dis-
criminator’ is in place to interrogate the shape of the signal produced and
allow the detection of most of these doublets.

There are also events that can be detected below the G0/G1 population.
These can be attributed to either a hypo-diploid population where total
DNA content has been lost due to chromosomal deletions or the presence
of apoptotic events [1].

Figures 3.22 and 3.23 give some examples of DNA analysis using both PI
and 4,6-diamidino-2-phenylindole (DAPI), showing cycling cell profiles.

Go/G1 G2/M
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Figure 3.22 Propidium iodide staining of cells after treatment with RNase and excitation
with a blue laser. Data has been gated on a doublet discriminator
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Figure 3.23 A proliferative embryonic carcinoma cell culture. Excitation of DAPI staining
by a violet laser. DAPI, 4,6-diamidino-2-phenylindole

One of the most standard ways of detecting sub-G0/G1 cell-cycle
apoptosis is to detect the peak to the left of the GO/G1 peak. However,
there are more accurate methods.

Figure 3.24 gives an example of manipulating the different cell-signal
profiles (area and width in this example; area and height can also be used)
generated from the laser interrogation of the cells to help exclude
doublets from being included in the DNA profile and so giving erroneous
results.

There are other dyes that allow you to avoid permeabilization by virtue of
the fact that they will cross the intact cell membrane. The most popular of
these is Hoechst. This dye has the added advantage of not staining RNA, so
RNase treatment is not required. It is selective for A-T regions of DNA and
binds within the minor groove. DAPI also associates with the minor groove
of DNA, again binding to A-T clusters; however, it will not cross the
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Figure 3.24 Area and width manipulation to show a small apoptotic sub-G0/G1 peak
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membrane of the cell, so permeabilization is a required step if using this
dye. Relatively new dyes such as DRAQ5 (Biostatus) and the Vybrant range
(Invitrogen) will also permeate the cell membrane to stain DNA.

The use of standard histogram statistics as supplied by most flow
cytometer companies will give a statistical evaluation on manually-gated
and user-determined cell-cycle phases. However, it can be argued that a
more accurate way of doing this is to curve-fit with software such as that
supplied with FlowJo or ‘ModFit’. The advantage of such software is that
there is an extrapolation by standard algorithms for G0/G1, S, and G2/M
populations of the cell cycle, so a more accurate estimation of the cell-cycle
components can be achieved (Figure 3.25).
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Figure 3.25 Scatter properties of a sample which has undergone PI staining. Doublets
within the sample are then excluded using the signal-processing and gating capabilities of
the area and width signal associated with the PI staining. Finally the gated data is
represented in terms of the area signal output in order to evaluate each cell-cycle
compartment
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Figure 3.26 Accurate assessment of DNA compartments. A curve-fitting software program
(ModFit) is used to more accurately fit the components of the DNA profile

In Figure 3.26 the different compartments of DNA are shown, but in
order to calculate these accurately it is usual to use curve-fitting software.
This is done so as to separate cells in early S phase from G0/G1, and cells in
late S phase from those in G2/M.

3A 1.004

Figure 3.27 The use of 5-bromo-2-deoxyuridine-allophycocyanin (BrdU-APC) conjugated
antibody for DNA analysis. The green plot shows GO cell cycle with minimal incorporation of
BrdU; the blue plot shows maximal incorporation of BrdU in S phase; the red plot shows G2
phase with minimal incorporation of BrdU



3.5 THE FUTURE FOR FLOW CYTOMETRY 95

DNA analysis is not only achievable on free cells; there are many
techniques whereby paraffin sections can be used to look at the DNA
within the tissue section [2].

It is useful however to try to see the cycling cells within the GO
population that cannot normally be seen when using a single DNA
dye. A technique that employs 5-bromo-2-deoxyuridine (BrdU) can be
used. This technique will separate DNA synthesizing cells from resting
cells.

BrdU is a thymidine analogue and will be incorporated into the DNA of
cycling cells in vivo or in vitro. After incubation, the cells can be permea-
bilized and a conjugated anti-BrdU antibody added to allow for the
evaluation of the cycling cells, as seen in Figure 3.27.

3.5 The future for flow cytometry

It would appear that the future has caught up with us. We now have
flow cytometers that are capable of 20 parameters and can be customized
in terms of different lasers and emission optics to suit virtually all
clinical and research needs. One thing that is lacking in a conventional
flow cytometer however is an assessment of the morphology of
cells.

One very interesting instrument that has attempted to put this to rights
is the Amnis ImageStream system. The ImageStream uses a fluidic system
similar to that of a conventional flow cytometer, but combined with CCD
camera technology, optical filtration and digital computing, to image and
analyse each individual cell. For each cell, six images are produced
simultaneously, including a transmitted light image (brightfield) for
morphology, a laser side-scatter image (darkfield) for granularity, and
multiple colours of fluorescence, which provide intensity, distribution,
co-localization and more than 200 other parameters.

These parameters can be used to generate the dot plots and histograms of
standard flow cytometry and allow the scientist to click on a specific dot to
inspect the associated cell, view all the cells within a gate drawn on the plot,
or back-gate cell images of interest on the plots. The data-analysis software
is also able to take user-specified cell populations and automatically
determine which parameters distinguish them. The instrument can use
up to three lasers and offers the option of extended depth of field so the
entire cell can be kept in focus for applications such as fluorescent in situ
hybridization (FISH) spot counting.

There is a trade-off however, in that with a conventional flow cytometer
data rates can be 20 000 events per second, whereas the current-generation
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ImageStream will acquire data at only up to 300 events per second. It has to
be said that for each cell, the ImageStream will capture six images from two
scatter and four fluorescence parameters, thereby yielding 60 000 images
per 10000 cells.

Software is used to interrogate the images for quantitative morphology,
fluorescence signal and signal localization (Figure 3.28). The constraints on
higher speed are largely financial rather than technological and have to do
mainly with the speed of computing. Future versions of the ImageStream
should be able to match or exceed the speed of conventional flow
cytometers thanks to the increase in desktop computing power, which
makes this type of instrument a much-awaited addition to the repertoire of
any flow-cytometry core facility.
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Figure 3.28 Morphology and stain localization data collected from the Amnis Image-
Stream. Two data sets are shown in the figure. On the left are six mammary epithelial cells,
one cell per row, imaged in darkfield (blue), HLA-FITC fluorescence (green), brightfield
(grey) and 7-AAD fluorescence (red) to reveal nuclear morphology and ploidy. On the right
are human peripheral blood mononuclear cells probed in suspension with a FISH probe
against chromosome 12. The cell images include darkfield (blue), chromosome 12-FITC
fluorescence (green), brightfield (grey) and a brightfield—FISH probe overlay. FITC, fluor-
oisothyocyanate; 7-AAD, 7-Amino-actinomycin D; FISH, fluorescent in situ hybridization
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3.6 Conclusions

The information within this chapter has hopefully given a brief overview of
the major features to be considered when operating or analysing data from
a flow cytometer. Advances in both flow cytometry reagents (more stable
tandem-dye conjugates and the use of nanoparticles with reduced spectral
overlap as fluorochromes) and instrumentation are a permanent feature to
this field of science. The challenge is not only to keep up to date with the
advances so as to deliver the best, most accurate scientific data, but also to
build these advances on a very solid basic understanding of the flow
cytometer being used and the requirements of the cells or analyte under
investigation.
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4.1 Introduction

The distribution of proteins within cells and tissues can be identified using
immunocytochemistry (ICC)/immunohistochemistry (IHC) — where both
terms are used synonymously. Since its introduction in the 1940s, ICC has
become an essential tool in both research and clinical laboratories for the
detection of changes in cell proteins. This technique is invaluable for
identifying disease and predicting response to therapy, and is used consid-
erably in fundamental scientific research.

It has the advantage over other protein assays that the target protein can
be visualized in situ either as an intra- or an inter-cellular component
depending upon the target protein. Following on from the genomic
revolution, where protein-encoding genes were identified, the proteins
themselves have returned to centre stage as targets in the fight against
cancer and in the battle against infectious diseases.

The clinical applications of ICC have developed in recent years and
together with improved methodologies and techniques have become more
specific and sensitive in their application and more cost-effective. The
introduction of automated ICC has facilitated high-volume testing in the
clinical laboratory and complimented high-throughput automated gene
discovery in research laboratories. Alongside these technical developments
have been improvements in standardization both at the bench and in the
reporting of results. Quality has improved with an increased awareness
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amongst both practitioners and the general public of the impact results
have on patient care.

In this chapter we seek to explain these developments and highlight the
issues of standardization and quality, with some suggestions as to how
these might be achieved. We highlight the work of the external quality-
assessment programme based in London, the United Kingdom National
External Quality Assurance Scheme for Immunocytochemistry and In Situ
Hybridization (UK NEQAS ICC & ISH), with examples of results pooled
from the 400 + laboratories participating from across the world.

4.2 Basic principles
4.2.1 Fixation and pretreatment

The development of ICC as a diagnostic tool following the introduction of
Diaminobenzidine (DAB) as a chromogen in the 1960s remained prob-
lematic, due to alterations, cross-linking and masking of proteins intro-
duced during the fixation process. The widespread use of formalin as a
primary fixative means that protein—formaldehyde interactions are central
to the majority of techniques in cellular pathology. The introduction of
proteolytic enzymes overcame some of the problems associated with
fixation and allowed the technique to develop with consistent and repro-
ducible results. Some antigens however still remained inaccessible to their
antibody following formalin fixation. It was thought that certain mono-
clonal antibodies were not suited to paraffin wax-embedded material or
that detection systems lacked sensitivity. The introduction of microwave-
based heat-mediated antigen retrieval [1], initially in metal-containing
buffers or urea and later in citrate buffers or EDTA, showed that the
problem may have been due to masking of epitopes induced by formalin
fixation. It was also shown that using high temperatures in an autoclave or
pressure cooker performed the same function as the microwave oven. Some
authors advocated substituting the word ‘epitope’ for ‘antigen’, thus giving
HMER, heat-mediated epitope retrieval.

The papers by Morgan et al. [2, 3] showed that the chemistry involved
during fixation is quite complex. They proposed that formalin fixation
involves the formation of direct cross-linkages with protein side groups, the
methylation of amino groups on aromatic amino acids with subsequent
formation of methylene bridges, and the time-dependant formation of
calcium ordinate bonds. As the optimal demonstration of antigens requires
their exposure following the fixation process, studies have focused on
methods to overcome these issues.
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Morgan et al. [3] looked at the effect HMER has on the demonstration of
the proliferating antigen Ki67 following formalin fixation. They found the
hydrogen ion concentration of the buffer to be a key factor in the
mechanism by which epitope retrieval works. It was found that at low
pH, there was a reversal of formalin cross-linkages by acid hydrolysis, but
with consequent loss of tissue morphology. At high pH, selective chelation
of the divalent metal ions from the complexes allowed antibody—antigen
interaction, with exogenous calcium inhibiting the retrieval of antigens.
There was an assumption that calcium formed ordinate bonds but this has
been challenged by Yamashita & Okada [4]; using five proteins fixed in 4%
formaldehyde with and without 25 mM calcium chloride, heated at a pH
3.0, 6.0 and 9.0 and analysed on SDS-PAGE, they found that the main
mechanism of antigen retrieval was due to disruption of the pH-dependent
cross-links.

It has also been advocated that conformational changes of the secondary
and tertiary structures of native proteins are important factors in HMER.
The retrieval of these structures is dependent on salt concentration and
pH [5, 6].

In summary, although the exact effects of formalin fixation on intra- and
inter-molecular cross-links have yet to be resolved they do appear to be
nullified by HMER. Furthermore, electrostatic and hydrophobic effects are
also reversed by HMER, the process of which is pH-dependent.

It should be noted that a false-positive reaction following HMER can be
introduced when a biotinylated detection system is used, due to the
exposure of endogenous proteins. When used on cytological material,
HMER can destroy the morphology of the cells and lead to false-positive
reactivity. Care should therefore be exercised in the interpretation of ICC,
especially where some form of heat retrieval has been used.

4.2.2 Detection systems

The relative sensitivities of the various antigen-detection methods are well
known. Early reports suggested that if an arbitrary value of 1 was assigned to
directly conjugated methods then the peroxidase-antiperoxidase (PAP)
and streptavidin ABC methods could be assigned as being 100 and 1000 +
times more sensitive, respectively. It was proposed in the 1980s that
polymers containing multiple copies of label could also be used to amplify
the signal and consequently increase sensitivity. Double-stage detection
systems, which conjugate a polymer composed of multiple copies of
peroxidise, are now readily available and have become the method of
choice. Even though they are essentially indirectly-labelled conjugates,
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Figure 4.1 Comparison of methods: (a) direct; (b) peroxidase-antiperoxidase (PAP);
(c) avidin biotin (ABC); (d) enzyme-labelled polymer method. Black boxes represent the
enzyme; A, avidin; B, biotin

their multiple copies of peroxidase mean there is an immediate amplifica-
tion of signal equivalent to or even superior to strepatvidin ABC methods;
especially useful in biotin-rich tissues. Moreover, these alternatives to the
standard three-stage methodologies offer a time-saving convenience
(Figure 4.1).

Amplification of the chromogen is also enhanced by the deposition of
metals such as copper or nickel on to DAB.

4.2.3 Introducing antibodies into the laboratory

The introduction of antibodies to the laboratory needs to be controlled and
correctly validated. Most often, the main source of information is the
manufacturer’s data sheet accompanying the product. This is the starting
point. Ideally, the manufacturer should supply details such as the clone,
immunoglobulin class and concentration; optimum handling procedures
including a recommended dilution as a guide; the method by which such
information has been acquired; the distribution of the antigen in normal
and abnormal cells/tissue; and a list of references. Each laboratory should
then confirm that the guidance offered is appropriate to its fixation and
processing schedule. It is recommended therefore that laboratories keep
stores of control tissue/blocks that are suitable for the testing of any new
antibodies.

For example, the use of pretreatment regimes needs to be determined
and the effect of such regimes on test material assessed. The standard
practice of introducing new antibodies therefore includes running the test
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material over a range of dilutions with and without pretreatment (heat-
mediated, enzyme unmasking, separately or in combination) and assessing
the incubation time, either at the laboratory’s standard time or, in certain
cases, extended to overnight at 4 °C. This extension of the incubation time
(with accompanying reduction in concentration, increase in dilution) may
be necessary to detect small amounts of antigen.

Similarly, if a new batch of antibody is introduced into the laboratory,
where possible the concentration should be checked against the previous
antibodybatch and its effect on the dilution taken into account when used in
a new staining run. It is essential for the working concentration of the
biomarker to be known, not the dilution, as the concentration ofabiomarker
can influence the apparent relationship between biomarker expression and
outcome [7], a factor highlighted by Hall & McCluggage [8] as being
recognized and largely ignored in the field of p53 ICC for over 20 years.

Using antibodies to Her-2, oestrogen receptor and p53, McCabe et al. [7]
showed that variation in dilution of the primary antibody can have a
profound effect on the clinical significance of an antibody used as a
biomarker. In an editorial to this paper, Henson [9] emphasized the
variables of ICC, including the concentration of the biomarker, dilution
of the antibody, sensitivities of the detection systems, use of proper controls
and quality of the reagents.

Warford et al. [10] showed that several monoclonal antibodies to JAM-2,
CD9%9, CD138, CD45 and MHC class II antigen gave different expression
profiles, dependent upon clone-epitope reaction mechanics. Overall, 19/35
antibodies stained haematopoietic cells by ICC. Moreover, inappropriate
cross-reactivities were noted when used on formalin-fixed paraffin
sections, compared to acetone-fixed cryostat sections. These authors cited
protein conformational differences, cell—cell interaction, post-translational
modification, difference in epitope occurrence due to transcribing gene
splicing, and differing fixation protocols as playing a role in affecting ICC
results.

Any new antibody entering the clinical laboratory therefore should be
properly validated prior to being used in the clinical environment. UK
NEQAS ICC & ISH recommends that any new antibody should be validated
against 50 previously-diagnosed cases. However, depending on validation
methods, the testing criteria can vary from 20 to 100 cases [11, 12].

4.2.4 Issues of reproducibility and standardization

Reproducibility between laboratories and between staining batches is
essential for good practice. Within one laboratory environment it may be
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easier to maintain reproducibility, but much of ICC depends on the pre-
analytic phase, which involves adequate and complete tissue fixation. Good
communication between staff is essential, especially when the ICC labora-
tory is sited in a different location/building/hospital from that where tissue
sampling, fixation and processing are conducted. Good tissue and cell
morphology preservation is paramount in achieving good ICC staining,
which in turn has a direct effect on the immunophenotyping of tumours.

Simple technical considerations covering the analytic phase of ICC are
also essential to standardize reproducibility of staining. Most of these are
part of Good Laboratory Practice and includes quality-control procedures
on not only the resultant staining pattern, but also different batches of
antibodies, buffers, and the use of chemicals and reagents, including the
maintenance of pH records for all solutions. These analytic stages of
standardizations also encompass the calibration of equipment (automa-
tion systems, water bath used in retrieval and so on).

It is therefore important to adopt consistent and reproducible proce-
dures, but at the same time to balance this with the need to be flexible in
order to adapt protocols for optimal detection of individual antigens.

Reproducibility between laboratories is more problematic, especially
when confronted with different fixation schedules and processing and
staining methods. This can be exemplified if we consider different incuba-
tion times and dilutions for the same batch of primary antibody, different
means of HMER, different buffers (citrate, Tris EDTA, etc.), and post-
treatment washes. All these factors contribute to a variation in interla-
boratory practice. Add to these differences in supplies between countries
and the issue of standardization becomes even more complex. It is therefore
advisable to follow the guidelines set out by the commercial suppliers of the
antibodies and reagents and to follow the recommendations of bodies such
as UK NEQAS ICC & ISH.

Automation systems, along with their standardized and validated pro-
tocols, should help in achieving reproducibility and consistency, although
variations may still occur between the pre-anlaytic stages of fixation and
processing schedules.

Closed automation systems can restrict the use of commercial reagents
(antibodies, detection system, buffers, etc.) and are designed to operate
within finely set parameters, thus minimizing errors in application but
limiting the user in developing new protocols. Closed systems are mainly
used by the clinical laboratories, where specific antibodies are standardized
using specific controlled protocols. Open systems are mainly used by
research laboratories, where there is a need for flexibility to develop
protocols.
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Automation systems also differ in their delivery of reagent to the tissue
section. Reagent delivery can be to a fixed area on the slide, or the slide can
be moved to a fixed site of reagent delivery. Systems can be set at more than
one incubation temperature or fixed to one temperature. One main
advantage of automation over manual staining is the ability to produce
staining data, including that required by government regulations for audit
purposes. All these parameters come at a higher cost per single test but have
the advantages of standardization, reproducibility and decrease in turn-
around time for each patient’s immunohistochemical test.

Whatever the system being used, some key factors need to be considered
in determining systems suitable to a particular laboratory environment.
These include reproducibility, the degree of manual attendance required
during the staining process, user-friendly software, set-up time and ease of
reagent handling.

4.2.5 Control material

Two types of control tissue are generally required to assess that the ICC
stain has worked correctly, namely tissue which is known to stain positively
for the antigen being used (positive control) and tissue which is known to
be negative for a particular antigen (negative control).

4.2.5.1 Positive controls

Positive controls used in ICC contain not only the antigen under investi-
gation but also its normal pattern of distribution. This is important in
detecting small amounts of antigen in unknown test material. If the
detection system has not been optimized then it is possible for a false-
negative result to occur. It is usual to use one positive control section (or
cell preparation in cytology) per batch of test slides. Organizations such as
the College of American Pathologists (CAP) and Nordic Immunohisto-
chemical Quality Control (NordiQC) advocate the use of mounting
control sections on the same slide as each test section. This however can
lead to unnecessary duplication and is most appropriate in reference
centres, where it would be useful to have known positive material alongside
test sections fixed, processed and sectioned in a different laboratory. The
supply of positive material is usually conducted in collaboration with
clinical colleagues and obtained under the local/national ethical approval
system.
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New control material systems have been proposed, including the use of
peptides attached to the glass slides [13, 14] and antigens attached to beads
and embedded in paraffin wax [15]. However, both systems lack the ideal of
using tissue architecture to provide the context of antigen distribution and
require rigorous investigation as to applicability in the clinical laboratory.

The most commonly used tissue within ICC is either appendix or tonsil,
both of which contain cells of different lineage. It is important however to
use composite control blocks where appropriate. Composite controls are
most often used in breast pathology, where differing levels of antigen
expression are included in the block, such as oestrogen receptor (ER) or
HER2/NEU.

4.2.5.2 Negative controls

Negative controls take many forms, the use of which depends upon the
complexity, applicability and purpose of the test. Essential to any negative
control is an understanding of what exactly the negative reaction is telling
the user about the method oflocalization and the tissue under examination.

4.2.5.2.1 Omission of the primary antibody The most common form
of negative control is the omission of the primary antibody, replacing it
with buffer. Such a negative control should be run with each test section.
This type of control tests the detection system for nonspecificity and tests
the complete inhibition of endogenous enzyme such as peroxidase. Such a
control can also highlight foci of pigment peculiar to the test material that
might cause confusion, for example melanin in a suspected melanoma. The
major problem with this type of control is the fact that it does not reveal
anything regarding the specificity of the primary antibody.

4.2.5.2.2 Immunoglobulins Tt is important that the subclass of the
monoclonal antibody used should be identified. Immunoglobulin-heavy
chains are categorized into subclasses, for example mouse IgG is divided
into IgGy, IgG,,, IgG,y, and so on. For commercially-available antibodies,
this is usually listed on the manufacturer’s datasheet. In the case of a
purified monoclonal antibody of IgG, subclass, a suitable negative control
would be the use of mouse immunoglobulin of IgG, type, used at the same
concentration as the primary antibody. For convenience it is accepted that
the unit of antibody concentration be expressed in pg/ml. In the case of
polyclonal antisera, immunoglobulin from the same species as the primary
antiserum is recommended. Ideally, this control antiserum should be from
the same animal prior to immunization with the antigen (pre-immune
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serum) but this is not usually available to laboratories using commercial
sources. ‘Normal’ serum, i.e. species-specificity, is therefore the best that
can be used. These controls show that the test material does not have an
affinity for either polyclonal antisera or monoclonal antibodies via com-
plement binding receptors.

4.2.5.2.3 Tissue known to be negative for a particular antigen Another
form of negative control uses the primary antibody and complete detection
system on material known to be negative for the antigen. Several problems
exist with this type of control. It is necessary to have complete certainty that
the control tissue does not contain small amounts of antigen below the
detection capability of the method. Problems arise when there is a change
from one method to another, such as an upgrade in sensitivity in method-
ologies, when apparently false-positive results may start to appear.

4.2.5.2.4 Blocking controls Competition assays can be used as negative
controls. In this case, the immunogen is incubated with the primary
antibody. This mixture is then used in place of the primary antibody and
the detection system is applied as standard. In theory, the antibody should
be absorbed by the immunogen present in high concentrations relative to
the primary antibody prior to application to the test material. This may not
always result in a complete negative reaction however, as the reaction
mechanics may allow for some antibody to preferentially bind with the test
material. Most laboratories would accept a reduction in staining intensity
as being effective.

For routine diagnostic work, most laboratories use a known positive
control with each batch of staining. Some also include a negative control by
omitting the primary antibody and replacing it with buffer on the test
section. With the majority of antibodies purchased from a commercial
source, most laboratories rely on the manufacturer’s data sheet for speci-
ficity. Antibodies can of course be checked for specificity for special
purposes, using techniques such as Western blotting.

4.2.6 Quality assurance (QA)

The purpose of quality assurance is for laboratories to receive feedback
from their peers as to how their staining quality stands in relation to the
expected ‘gold standard’ for the particular antigen being tested. ICC is
constantly evolving, with the introduction of new antibodies, better
detection systems, new instrumentation and so on, such that the expected
levels of staining may change. The feedback given from quality-assurance
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schemes should be used to troubleshoot any problems that a laboratory
may have with its methods and protocols.

For diagnostic, prognostic and predictive biomarker use, participation
in an external quality-assurance system is essential. Several countries and
groups of countries have established their own networks. In most cases the
quality assurance takes the form of an assessment, whereby participating
laboratories are requested to demonstrate a particular antigen on a selected
tissue/cell line/cytological specimen. In the UK it is mandatory for all
accredited laboratories to participate in the UK NEQAS ICC & ISH system,
although the UK-based UKNEQAS ICC & ISH has participants from over
50 countries. Other non-UK quality-assurance schemes include NordiQC
and CAP.

Each QA programme normally consists of a panel of expert assessors
made up of health-care scientists and pathologists, who give individual
participating laboratories feedback in the form of a report outlining what is
and what is not acceptable for a preselected antigen. This may include
intensity of staining, poor localization, excessive background, nonspecific
staining and so on. The authority exercised by the individual quality-
assessment schemes depends on their respective quality-monitoring guide-
lines, and in the case of UK NEQAS ICC & ISH the organizers have to report
consistent underperformance, by any UK laboratory, to the National
Quality Assurance Advisory Panel (NQAAP), which may ultimately affect
the accreditation of the laboratory.

For research purposes, no equivalent system exists. As outlined above,
thislack of agreement has resulted in a diverse reporting system throughout
the scientific literature, making it difficult to correlate the significance of
results between publications [7, 8].

4.2.7 Immunocytochemistry scoring methods

The simplest scoring system distinguishes between a positive (4 ) and a
negative (—) result. Such a system however does not distinguish between
differing levels of positivity. For this, the degree of staining can be graded
and given a rating of positivity +, + +, + + 4. Positivity can also be
based on the number of positive cells, which is then usually expressed as a
percentage of the total cell population or relevant cell type.

Assessing the staining intensity is more difficult than counting numbers
of positive cells and is more subjective. Even when different staining
parameters are minimized through automation, differences in specimen
collection, fixation, detection systems and section thickness can all influ-
ence intensity. Moreover, all assessors need to be clear as to what signifies
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Table 4.1 A scoring system which accounts for both the staining
intensity and the number of cells staining positive [19]

Score for proportion staining Score for staining intensity
0 =No nuclear staining 0= No staining

1 =<1% nuclei staining 1 = Weak staining
2=1-10% nuclei staining 2 =Moderate staining

3 =11-33% nuclei staining 3 = Strong staining

4 =34-66% nuclei staining
5=67-100% nuclei staining

weak, moderate or strong reaction products. Inter-observer agreement can
be achieved within study groups, but between study groups variation is
inevitable. Some authors have found that assessing only the number of
positive cells to be more reproducible than including intensity criteria [16].
The use of virtual microscopy and image-analysis systems may address
these issues.

Several systems for manually assessing both staining intensity and
positive cell number have been proposed, such as the H or Quick Score [17],
and systems that grade weak, moderate and strong into 1, 2 and 3,
respectively, multiplied by the percentage of cells stained (1-100%), with
the final result being a score range between 1 and 300 (weak, 1 x 1%, to
strong, 3 X 100%). These scoring methods have been further refined, for
example, for ER scoring, which not only takes the intensity into account but
groups together the percentages of positive cells (Table 4.1) [18, 19].

A system with the essential features of good and poor staining has been
proposed for the purposes of auditing ICC [20]. Features have been scored
to include staining intensity (0-3), uniformity of staining (0,1), specificity
of staining (0,1), absence or presence of background staining (0,1) and
counterstaining level (0,1), which cumulatively contribute to the scoring
system. This system provides a possible total score of 8 for perfect
demonstration of the preparation. Using such an internal quality-scoring
system can highlight methodological problems in the clinical laboratory
over a given period of time.

Levels of positivity, intensity and numbers, or a combination, do not tell
us about the distribution of the positivity however. Distribution of the
staining pattern depends on the antibody and its expected protein locali-
zation within the tissue, which may be cytoplasmic, nuclear, membrane or a
combination of these.

Reproducibility in the reporting of ICC needs to be shown, but the
enumeration and quantification of salient features needs to be determined
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by the application of a biologically-relevant denominator such as how many
microscopic fields or nuclei need to be assessed. Hall [21] recommended
plotting the ‘wandering means’, i.e. plotting the mean occurrence of the
biomarker against an increasing number of denominator factors (fields,
nuclei, etc.). Although he was discussing this in the context of quantifying
apoptosis, the same principle can be applied to various tumour biomarkers.

In the field of p53 staining, Hall & McCluggage [8] argue for more robust
reporting in the literature on the methods used to assess ICC. Such open
reporting, they argue, adds value in targeting this key protein in future
therapies, and they call for ‘clear criteria for the planning, performance, and
reporting of biomarker studies’, not only for p53 but for all potential
biomarkers.

4.3 Clinical immunocytochemistry
4.3.1 Sample collection in diagnostic cytopathology

It is essential that samples are of adequate quality and contain all salient
features. The diagnostic cytopathology laboratory undertaking the analysis
should have access to a full range of modern techniques either on-site or ata
reference laboratory, which can be used for external staining requests. It is
now standard clinical procedure to involve a multidisciplinary team
(MDT) approach. These clinical MDTs consist of pathologists, oncologists
and/or specialists such as radiologists and haematologists. ICC panels
cannot be used in isolation, but when combined with morphology,
immunophenotyping can provide a definitive diagnosis. The combination
of technologies, from histological appearance on haematoxylin and eosin
staining, through clinical history, to ICC and molecular profiling, provides
a complete clinical service.

Fine-needle aspirates (FNA, see Chapter 2) are being used more fre-
quently in the diagnosis, staging and follow-up of biopsy sampling of
suspicious lumps or enlarged lymph nodes. The collection of cells by this
method is often the first line of diagnosis. Moreover, supportive studies are
more readily available, including cytomorphology, immunophenotyping
and molecular criteria.

Collected by an experienced clinician, the cells are usually stained for
morphology using methods such as Giemsa. Cells can be washed in saline
and stored in a cytofixative prior to cytospin preparation. Several centres
report good results using 95% alcohol or acetone as their fixative. The cells
can be prepared using liquid-based cytology (LBC, see Chapter 2). This is
more expensive than preparing a monolayer of cells by a cytospin method



4.3 CLINICAL IMMUNOCYTOCHEMISTRY 111

(cytocentrifugation, see Chapter 2), but has been reported to give superior
morphology compared to an ill-prepared cytospin. A good cytospin,
prepared as a monolayer and fixed adequately, can however provide an
invaluable, cost-effective method for routine immunophenotyping. Excess
cells stored in an alcohol-based fixative containing polyethylene glycol
(PEG) [22] can be used as control material. Cells can also be prepared using
PEG in alcohol as a cell protectant covering the cell preparation. The water-
resistant layer, once solidified, is stable for weeks, which allows for the
transportation of cell preparations or the storage of control material. The
PEG layer is removed using 95% alcohol prior to immunolocalization.

The UK NEQAS ICC & ISH cytology module assesses a participant’s
ability to demonstrate via ICC various antigens, including those for
lymphoma, mesothelioma, adenocarcinoma and melanoma. The module
despatches cytospins prepared with a layer of PEG as a protectant to
participating laboratories.

In the following sections, technical performance data will be presented
from UK NEQAS ICC & ISH. For the majority of schemes at assessment,
each participant is sent slides from a common source and asked to stain for
the antigen suitable for that module. A panel of four experts scores the slides
independently out of 5. Collectively, a score out of 20 is given. Unacceptable
staining is graded as 9 or below. Borderline staining is scored between 10
and 12, and acceptable staining between 13 and 20.

4.3.2 Carcinoma or lymphoma?

Immunophenotyping using markers of epithelial (e.g. cytokeratins) and
lymphocytic (e.g. leucocyte common antigen LCA/CD45) origin can help
in the differential diagnosis between a carcinoma and a lymphoma.
Combining ICC with FNA samples can provide further assistance in their
differential diagnosis. In samples of bladder washings from patients with
bladder cancer, it may also be possible to provide the means for the dynamic
monitoring of chemotherapy.

Cytokeratins are intermediate filaments which support the structure of
epithelial cells. Their specific localization can help in identifying distant
metastases, characterizing squamous carcinomas versus adenocarcinomas
and distinguishing between sites of possible primary tumours. Character-
ized by their Moll numbers [22], cytokeratins decrease in molecular weight
as their number increases, thus CK1 (68 kDa) is bigger than CK20 (46 kDa)
(Table 4.2).

The CD45 molecule, originally called leucocyte common antigen (LCA),
is a family of protein tyrosine phosphatase proteins derived from one gene
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Table 4.2 Commonly-used cytokeratin monoclonal antibodies and their CK targets

Monoclonal clone number Cytokeratins detected
MNF116 5,6, 8,17 and 19

AE1* 10, 13, 14, 15, 16 and 19
AE3* 1,2,3,4,5,6,7and 8
CAM5.2 7 and 8

LP34 5and 6

5D3 8/18

C-50 5/18

OV-TL 12/30 7

C-11 4+ PCK-26 + CY-90 + 1,4,5,6,8,10,13,18, and 19

KS-1A3 + M20 + A53-B/A2 clone mix

*AEl and AE3 are usually combined to give a ‘pan-CK’ marker

via tissue-specific alternative splicing. It is found on all haematopoietic cells
except for erythrocytes.

4.3.3 Cytology cytokeratin

For the demonstration of cytokeratins in cytology preparations, UK
NEQAS ICC & ISH cytospins samples are normally prepared from a
pleural aspirate from an adenocarcinoma of the lung. Optimal staining
for cytokeratin on such a sample should show cytoplasmic staining of
adenocarcinoma cells, with a population of unstained/negative cells,
usually reactive polymorphs (Figure 4.2). In keeping with all cytological
preparations, nuclear morphology can help to identify cell type. The
intensity of the hematoxylin counterstain therefore should be sufficient
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Figure 4.2 Clinical samples of pleural aspirates: (a) adenocarcinoma of lung stained for
cytokeratin (MNF116); (b) B-cell lymphoma stained for CD45
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to show nuclei. Suboptimal staining for cytokeratins on the above clinical
samples, however, usually shows nonspecific staining of polymorphs and
residual background protein. Alternatively, weak localization can resultina
false-negative result.

Pretreating cytological preparations using HMER or enzyme digestion is
not usually required unless the cells have been fixed in formalin. Strictly-
controlled HMER may not affect the morphology, although care should be
taken to avoid induction of nonspecific localization. The UK NEQAS ICC
& ISH cytokeratin assessments over a two-year period showed that all of the
clones described in Table 4.2 performed well, averaging 14/20.

4.3.4 Cytology and general (histology) lymphoma (CD45)

In clinical samples aspirated from B-cell lymphomas, optimal staining
should show membrane staining of CD45 in malignant cells and back-
ground lymphocytes. Moreover, the intensity of the hematoxylin counter-
stain should clearly show nuclei. Conversely, suboptimal staining usually
results from loss of membrane staining and/or morphology with nonspecific
staining of background protein. The commonly used clones for CD45 are
PD7/26, 2B11 and 4KB5. The PD7/26 and 2B11 are usually combined as a
cocktail. The clones PD7/26 and 4KB5 stain differentially-spliced isoforms
of the CD45 protein, with the antigen stained by PD7/26 being designated as
CD45RB, and that stained by 4KB5 as CD45RA (Figure 4.3).

Figure 4.3 Reactive human tonsil section stained for CD45 showing strong membrane
staining of lymphoid cells
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Table 4.3 UK NEQAS ICC cytology module data for CD45 markers over a
two-year period

Clone No. of slides assessed Mean score (max. 20)
PD7/26 + 2B11 332 15
LCAS88 2 14
PD7/26 6 15
4KB5 4 12
Total 344 15

Over a two-year period, data collected from the UK NEQAS ICC & ISH
CD45 assessment indicated that the most widely-used marker was a
cocktail of PD7/26 plus 2B11 clones, accounting for 96% of the partici-
pants. The remaining 4% of participants used the clones LCA88, PD7/26 in
isolation or 4KB5 (Table 4.3).

Let us consider how these results compare with those of the UK NEQAS
ICC & ISH general ICC module for CD45. The typical participating
laboratory in this module is a routine histopathology laboratory, with
histological sections of tonsil distributed to participants. The performance
of the participants over a 1.5 year period showed that once again the
cocktail of PD 7/26 plus 2B11 clones was the most widely-used (93% of
participants), with a trend towards a better overall performance with a
mean score of 14/20. There were however a few more CD45 clones
(CD45R0, X19/99 and UCHL1) used in the general module than in the
UK NEQAS ICC & ISH cytology module. This may solely be related to the
particular preferences provided by either a cytological or a general ICC
laboratory. It should be noted that the CD45RO (UCHL1) is not a typical
CD45 isoform and is restricted mainly to T lymphocytes, so will therefore
show a different lymphocyte population to the other CD45 antibodies
(Tables 4.4 and 4.5).

4.3.5 Follicular lymphoma

The use of cytology, along with the combination of FNA with ICC, is useful
in the identification of lymphoma [24]. Classifying lymphoma type,
however, can be problematic in FNA samples [25-28] and necessitates
the need for formalin-fixed, paraffin wax-embedded (FFPE) sections. This
enables the identification of follicular elements within a specimen from
non-Hodgkins lymphoma (NHL). Follicular lymphomas (FL) represent
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Table 4.4 UK NEQAS ICC & ISH general module data CD45 (1.5 years). Although there
was no significant difference in the technical performance using these clones to CD45,
there was a trend for those participants using X16/99 (CD45), LCA88 (CD45) and UCHL1
(CD45RO0) to perform poorly

Clone No. of slides assessed Mean score (max. 20)
PD7/26 + 2Bl11 2107 14
X16/99 89 12
LCAS88 25 12
PD7/26 23 16
UCHL1 6 12
4KB5 5 15
Total 2255 14

the second-most-common type of lymphoma and present as a homoge-
nous group with a t(14:18) genotype and usually abcl2+, CD10+, bcl6+,
MUMI1- immunophenotype. Karube et al. [29] reported a bcl2—, CD10—,
MUMI1+ immunophenotype occurring in patients over 55 years of age.
The majority of FLs remain indolent for many years but may progress
through transformation to diffuse large B-cell lymphoma (DLBCL). Some
FLs, however, transform to DLBCL more rapidly. Mutations and promot-
er-region silencing of tumour-suppressor genes and chromosome abnor-
malities may advance this progression [30].

The use of FL markers by UK NEQAS ICC & ISH has found that poor
immunostaining can result from many factors, including extended prote-
ase digestion or antigen retrieval, or conversely insufficient antigen retrieval
or digestion, and a too-dilute primary antibody.

4.3.5.1 (D10

CD10 is a transmembrane glycoprotein with metalloprotease activity,
which can modulate the effect of bioactive peptides including hormones
and growth factors. CD10 is also known as the common acute lympho-
blastic leukaemia antigen (CALLA) and is a useful marker of precursor
B-cell lymphoblastic lymphoma/leukaemias, follicular lymphomas and
Burkitt’s lymphomas [31]. It is transitionally expressed on immature
lymphocyte precursors of both B- and T-cell type and then re-expressed
in proliferating B cells found mainly in the lymphoid germinal centres. It is
also detected in mature neutrophil granulocytes and in several epithelial
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Figure 4.4 Reactive human tonsil sections showing follicular cell staining: (a) CD10;
(b) CD21; (c) CD23; (d) IgM. Note the lack of staining in reactive follicular centre cell in bcl2
staining (e)

cell types, including liver, kidney, prostate, intestine and breast myoe-
pithelium, as well as some stromal cells and their tumours [32].

In reactive tonsil, good CD10 staining should show membrane staining
in the vast majority of germinal-centre B cells positive with some immature
B cells in the peri-follicular region (Figure 4.4a). Conversely, poor staining
in a reactive tonsil often shows weak, uneven, missing staining of the
relevant cells, or nonspecific staining of cell types or cell compartments not
expected to stain. Reviewing the UK NEQAS ICC & ISH data over a six-
month period showed that the most common clone was 56C6, which
averaged a score of 14/20 (154 slides assessed).
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4.3.5.2 (D21

CD21 is a transmembrane glycoprotein and used to be called the C3d
complement receptor. In follicular dendritic cells (FDCs) it plays an
important role in binding and presenting antigens to mediate affinity
selection and maturation of activated B cells [33]. In addition to the FDCs
surrounding the germinal centre and the mantle zone of secondary
lymphoid follicles, CD21 is also expressed in mature B cells in the marginal
and mantle zones (Figure 4.4b). Detection of CD21 by ICC can be a very
useful adjunct for detecting structural alterations of the FDC meshwork
characteristic in follicular lymphomas, mantle-cell lymphomas, some
Hodgkin’s lymphomas, angioimmunoblastic T-cell lymphomas, and also
for diagnosing the rare FDC sarcomas. Over a six-month period, UK
NEQAS ICC & ISH showed that the clones, 1F8 and 2G9, performed
equally well, averaging 14/20 and 13/20 respectively.

4.3.5.3 (D23

CD23 is a cell-membrane glycoprotein, also known as the low-affinity IgE
receptor, that takes part in the regulation of B-cell maturation. It is
primarily detected in B cells excluding early precursors (except if they are
Epstein-Barr virus (EBV)-transformed), immunoglobulin-secreting cells,
the majority of FDCs, intestinal epithelial cells and some monocytes [34].
CD23 is an important diagnostic marker of B-cell chronic lymphocytic
leukemia/small B-cell lymphoma (B-CLL), with the strongest expression in
prolymphocytes of the proliferation centres (Figure 4.4c). It can also be
useful (along with CD21) for detecting structural alterations of FDCs in
some lymphomas and diagnosing FDC sarcomas. Over the same six-month
period as above, participants at the UK NEQAS ICC & ISH used three
clones to detect CD23, SP23, 1B12 and MHMBS.

4.3.5.4 IgM

IgM is a low-affinity pentameric immunoglobulin found in naive and
activated B lymphocytes. FDCs and some B cells in the lymphoid germinal
centres, and most mantle-zone B cells of peripheral lymphoid tissues, also
contain IgM, as well as some peri-follicular B cells and plasma cells
dispersed in these tissues (Figure 4.4d). Over a one-year period, UK
NEQAS ICC & ISH data showed that polyclonal antiserum was the most
widely used, and participants generally performed better with this than
with monoclonal antibodies.
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4.3.5.5 Bcl2

The Bcl2 family consists of pro-apoptotic and anti-apoptotic proteins. Bcl2
itself is anti-apoptotic, thus promoting malignant cell survival in response
to upregulation as a consequence of the typical t(14:18) translocation
found in follicular lymphoma. The most common clone used by partici-
pants in the UK NEQAS ICC & ISH scheme is clone 124. In reactive tonsil,
good bcl2 staining should show strong cytoplasmic positivity of most
lymphocytes except germinal-centre B cells (Figure 4.4e). Some individual
cells may show an eccentric ring-like appearance of immunostaining
with a wide range of expression. Conversely, poor bcl2 staining is often
weak or uneven, or shows nonspecific staining of cell types not expected
to stain.

4.3.6 Angiogenesis

Angiogenesis is the process by which new blood vessels are formed.
Tumour angiogenesis occurs as the tumour exceeds its original blood
supply to avoid hypoxia-induced changes. Angiogenesis plays a vital role in
the metastatic process by providing a route by which tumour cells may
enter the circulation. Highly-vascularized tumours are associated with a
higher incidence of metastasis than less-vascularized tumours [35].
There are several methods of assessing angiogenesis. Non-invasive
measurement of angiogenesis has been reported using serum levels of
angiogenic factors such as vascular endothelial growth factor (VEGF). In
cellular pathology, measurement of angiogenesis is achieved by demon-
strating changes in microvessel density (MVD) or microvessel count
(MVC). Either MVD or MVC can be assessed using the ‘hot spot’ method,
whereby areas of highest vessel number are counted using a defined
objective (X20) or by assessing the leading edge of tumour growth.
Reproducibility of assessing blood vessel counts can be improved by
experience in identifying hot spots [36] and the use of an eyepiece graticule
(e.g. Chalkley methodology), either in isolation or in combination with
image-analysis systems. In prostate carcinoma, where MVC matches VEGF
staining by ICC, there may be a case for combining anti-angiogenic therapy
with conventional treatments [37]. Anti-angiogenic therapies however
need to account for the underlying angiogenic pathway and target biology.
In such clinical situations, common assessment protocols are required [36].
Moreover, a complete understanding of the basic biology of pro- and anti-
angiogenic proteins is essential. For example, alternative splicing during the
transcription/translation process leads to protein diversity. The potential
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for developing markers to various forms of VEGF as a means of under-
standing the role of pro- and anti-angiogenic forms of VEGF in carcino-
genesis [38] cannot be overstated, although whether ICC is the best tool for
such studies remains to be determined.

The endothelial-proliferation cell marker CD105 can be used to distin-
guish between neo-angiogenesis and established blood vessels. Moreover,
CD105 immunoreactivity can be a predictor of poor prognosis in non-
small-cell lung carcinoma [39], node-negative breast cancer [40] and
ovarian carcinoma [41]. Romani et al. [42] showed by multivariate logistic
regression analysis of 125 patients with colorectal carcinoma that although
the number of CD105-positive blood vessels was not correlated with
survival, it did identify patients at a higher risk of metastatic disease.

4.3.6.1 Choice of endothelial markers

UK NEQAS ICC & ISH has recorded the use of three endothelial antibodies
(CD31, CD34 and VWF) by a total of 394 participants in their assessments
for the demonstration of endothelium in appendix control blocks. Optimal
staining patterns should show the features outlined in Table 4.6, which were
mainly achieved using HMER, protease or trypsin pretreatment.

Table 4.6 Optimal staining patterns to be expected on sections of appendix by
angiogenic markers CD31, CD34 and von Willebrand factor VIII (VWF)

Features of good staining, appendix Features of suboptimal staining, appendix

CD31, CD34: strong staining of the CD31, CD34 & vWEF: weak or negative
endothelial cells in the blood vessels staining of the endothelial cells and
and lymphatic vessels throughout other elements in the appendix.
the appendix

CD31: strong staining of the T cells in the CD31, CD34 & vWEF: nonspecific
base of the lamina propria and weaker nuclear staining possibly caused by
staining of the B cells in the follicular excessive pretreatment
mantle with HMER pretreatment

CD34: strong staining on the dendritic CD31, CD34 & vWE: inappropriate
interstitial cells in the lamina propria staining of, for example, epithelium
with HMER pretreatment and lymphocytes, probably due to

over-pretreatment
VWE: strong staining of the endothelial
cells in the blood vessels and lymphatic
vessels
vWE: some background staining of the
connective tissue is to be expected
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Figure 4.5 Reactive human appendix sections showing blood-vessel staining, insets:
(a) CD34; (b) von Willebrand factor; (c) CD31. Note the positive staining of lymphoid cells
(arrow) in the CD31 preparation. Insets show blood-vessel staining

Although not statistically analysed, the UK NEQAS ICC & ISH data
indicates an overall trend for best participant performance using the CD34
antibody (Figure 4.5a), which has a higher mean score of 15/20, followed by
VWF (14/20, Figure 4.5b) and then CD31 (12/20, Figure 4.5¢). Participants
to the scheme used the JC/70A clone to demonstrate CD31, and the clone
QBend10 to demonstrate CD34. Both a monoclonal clone F8/86 and a
polyclonal antiserum were used by participants to demonstrate von
Willebrand factor VIII.

4.3.7 The cell cycle

Normal cell growth is a tightly regulated process, with the cell going
through four phases or stages, each of which is controlled as a checkpoint.
Prior to DNA synthesis, the cell proceeds through G1 and the G1/S
checkpoint to S phase, where DNA synthesis takes place. The G1/S
checkpoint is dependent upon factors such as nuclear size, and environ-
mental growth factors such as nutrient supply. Following DNA synthesis,
cell growth continues through G2, the G2/M checkpoint and into M, or the
mitotic phase, before re-entering G1 or into a quiescent GO phase. Kinase
proteins associated with specific cyclins form cyclin-dependent kinases
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Figure 4.6 Non-small-cell lung-carcinoma cell line stained for the proliferating cell
marker Ki67

(CDKs), which control each stage of the cell cycle. These activating cyclins
differ in their expression throughout the cell cycle. Either these CDK
checkpoints allow the correction of aberrant cell cycle growth or the cycle is
aborted, entering apoptosis.

Abnormally high cell proliferation has been identified as having prog-
nostic significance in a number of tumours. Assessing cell proliferation can
be done by measuring the number of mitoses or the occurrence of nuclear
Ki67 protein (Figure 4.6). Ki67 is a DNA-binding protein which influences
chromatin structure [43]. Torp [44] showed that Ki67 indices were
associated with a poorer prognosis in astrocytomas.

Results from the UK NEQAS ICC & ISH neuropathology module, which
looked at the technical use of Ki67 (Clone MIB1) in a compound block
composed of a glioblastoma (high reactivity) and meningioma (low
reactivity), showed that optimal nuclear staining relied upon good antigen
retrieval. Where this was inadequate or excessive, weak or nonspecific
staining resulted, respectively.

4.3.8 Biomarkers predictive of response to therapy
4.3.8.1 Breast: hormone receptor to oestrogen (ER)

Hormonal influence on tumour growth has been known about since the
late nineteenth century. With the introduction of the use of an ER
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inhibitor, tamoxifen in the late twentieth century, and the establishment
of methods to assess receptor status, the clinical need for a cost-effective
reproducible method was identified. The introduction of the mouse
monoclonal clone 1D5 in 1991 for ICC on paraffin-embedded wax
sections to replace the Abbott charcoal methodology was quickly vali-
dated. Insensitive immunohistochemical assays for ER, however, have
been reported to be due to inefficient HMER [45, 46]. More recently,
the rabbit monoclonal antibody clone SP1 has been reported to be more
sensitive than 1D5 when a dextran-coated charcoal ligand-binding assay
is used as the gold standard [47]. However, as noted by Dowsett [48], the
advantage of SP1 may not necessarily extend over to the more commonly-
used 6F11 clone. Ibrahim et al. [49] have found that methodology does
indeed matter, and in their UK NEQAS ICC & ISH assessment of the
rabbit monoclonal progesterone antibody, SP2, there was a tendency
towards false-positive staining by participants. As previously stated, not
only should any new antibody introduced into the lab be properly
validated but proper control tissue should be used. UK NEQAS ICC &
ISH recommends that a good control slide for ER status should comprise a
composite block of infiltrating ductal breast carcinoma samples, showing:
(1) >80% tumour positivity with high intensity (Allred/Quick score 7-8);
(i) 30-70% tumour positivity with low—moderate intensity (Allred/
Quick score 4-6); (iii) negative tumour (Allred/Quick score 0). There
should also be normal glands within the tissues that can be used as an
internal control.

For breast hormonal receptors the nuclear positivity expected by ICC
is scored according to the number of positive tumour nuclei and the
intensity of staining. A threshold of the number of positive tumour
nuclei is used. This is usually 10% of tumour nuclei, although some
centres use more than 20%. This lack of standardization is inhibiting
the development of assays and the identification of the prognostic
value of assaying for the second receptor ERPB [50]. ERP has shifted
our understanding of ER biology, where its dependence on ERol with
co-regulatory proteins and growth pathways means that it is now
recommended that both ERo and ERP are considered together and not
in isolation [51].

Results from UK NEQAS ICC & ISH indicate that the 6F11 clone is the
most widely used (57%), followed by the 1D5 (27%) and then the SP1 clone
(16%) (Table 4.7). Data from the breast hormone module confirms that
there is a slight improvement in technical use of the rabbit monoclonal
antibody SP1 over the mouse monoclonal antibodies 1D5 and 6F11,
although this is not statistically significant. All three clones (6F11, 1D5
and SP1) recognize ERa.. The UK NEQAS ICC & ISH data on ER was
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Table 4.7 Results from UK NEQAS ICC & ISH breast hormone module ER. A comparison
of the performance by monoclonal clone types 2004-2006. All scores ranged from
4 to 20

Clone No. of slides assessed Mean score (max. 20)
6F11 1768 13
1D5 841 11
SP1 516 14
Total 3125 13

collected from 2004-2006 using FFPE sections of breast carcinomas of
different levels of ER expression. These were mounted on one slide
(Figure 4.7).

4.3.8.2 Breast: ERBB2 (HER2/NEU)

The ERBB2 gene (HER2 in human and NEU in rodents) encodes for a
membrane tyrosine kinase receptor. It is a member of the epidermal

Figure 4.7 Breast carcinoma sections showing (a) composite block of (b) high ER;
(c) medium ER; (d) low ER immunoreactivity
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growth-factor receptor (EGFR) family, a family of receptor tyrosine kinases
which form homo- or hetero-dimers and transmit growth signals from the
external cellular environment in response to receptor-ligand activation.
This family comprises at least four members and is a target for therapy
using kinase inhibitors or monoclonal antibodies (for review, see [52]).

In the UK an annual caseload volume of at least 250 cases is recom-
mended for laboratories providing a clinical testing service. Overexpression
of HER2 protein is related to the amplification of the HER2/NEU gene
locus localized using ISH techniques.

There are five antibodies that are commonly used in the immunohisto-
chemical detection of HER2 membrane staining, ranging from rabbit
polyclonal, mouse monoclonals (CB11 & TAB250) to the newer rabbit
monoclonals (SP3 & 4B5). All these antibodies are directed against the
internal domain of the HER2 protein, with the exception of the TAB250
antibody, which recognizes the external domain.

The data shown in Figures 4.8 and 4.9 is from UK laboratories partici-
pating in the UK NEQAS ICC & ISH HER2 ICC scheme. The data was
collected in 2004-2006. Over 70% of participants used a kit, namely the
Hercep test kit (Dako, Ely K5204, 5, 6 and 7). A further 17% of participants
used the A0485 polyclonal antiserum with their own standardized proto-
cols. Ten percent of participants used the mouse monoclonal CB11 clone.

80.0

72.7%

10.1%

0.2%

Dako kits with A0485 CB11 4B5
A0485 poly

Figure 4.8 Breast module, HER2. UK NEQAS ICC & ISH (2004-2006). The percentage of UK
participants using any particular antibody kit, polyclonal antiserum or monoclonal antibody
during UKNEQAS ICC & ISH assessments 2004-2006
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Figure 4.9 Breast module, HER2. UK NEQAS ICC & ISH (2004-2006). Combined pass rates
for participants. Note that one participant used a 4B5 clone, which has been excluded from
the figure for clarification

At the time of writing, newer rabbit monoclonal antibodies have also
started appearing in laboratory repertoires, although they accounted for a
very small percentage (0.2%) during this audit period.

The UK NEQAS ICC & ISH HER2 module assesses participating
laboratories as having passed (where at least three out of the four assessors
agreed that the staining was clinically diagnosable), achieved a borderline
pass score (where two of the four assessors agreed that the staining was
clinically acceptable) or failed (where three or more of the assessors felt that
the staining could not be clinically interpreted). Based on the above
guidelines, and ignoring the one participant who used the 4B5 clone, it
is quite clear that participants using a standardized kit such as the Hercep
test kit performed much better (68% pass rate) than those making up their
own in-house protocols, even when using the same A0485 polyclonal
antiserum (38% pass rate) that is present in the Hercep test standardized
kit.

Unlike in ER staining, where a higher heat-retrieval method, such as
pressure cooker, is preferred, the delicate membrane-staining of HER2 ICC
is fragile and so a water-bath retrieval method is preferred. Furthermore,
the FDA-approved Hercep testkit’s method of retrieval cites the water bath,
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Figure 4.10 HER2 IHC staining of UK NEQAS ICC & ISH HER2 cell lines (Ai, Bi and Ci) and
equivalent staining of invasive breast carcinomas: (Ai) 34 staining on SK-BR-3 cell lines.
There is complete and intense staining of the cell membrane, with very little cytoplasmic
staining; (Aii) 3+ invasive breast carcinoma showing similar staining to the UK NEQAS ICC
&ISH 3+ cellline; (Bi) 2+ staining on MDA-MB-453 cell lines. These cell lines demonstrate
complete membrane staining with moderate staining intensity; (Bii) 2+ invasive breast
carcinoma, showing similar membrane staining and intensity as the 2+ UKNEQAS ICC & ISH
cell line; (Ci) the UK NEQAS ICC & ISH 1+ MDA-MB-175 cell line tends to clump together
to form a lumen-like opening, with internally-stained ‘brush borders’ (arrowheads), which
are not scored during assessments. Partial incomplete membrane staining (arrows) is shown
on the outer margins of the clumped cells; (Cii) 14 breast carcinoma showing barely
perceptible membrane staining

so this would go hand in hand with the majority of participants using the
Hercep test kit. At the time of writing, two new HER2 ICC tests have been
launched by Ventana and Leica Microsystems, which use automated
systems to carry out standardized onboard retrieval methods.
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HER2 ICC is assessed by judging the degree of complete membrane
staining of invasive tumour cells and is classed as being: 0 for no staining at
all or very slight partial membrane staining in less than 10% of tumour cells;
1+ for faint barely-perceptible membrane staining in more than 10% of
tumour cells and/or cells only being stained in part of their membrane; 2 +
for weak to moderate complete membrane staining observed in more than
10% of tumour cells; 3 + for strong complete membrane staining in more
than 30% of tumour cells (Figure 4.10).

4.3.9 Alimentary tract

Mutation of the c-kit gene and resulting c-kit/CD117 tyrosine kinase
receptor immunoreactivity is a feature of soft-tissue tumours arising within
the gastrointestinal tract, known as gastrointestinal stromal tumours
(GIST). Although originally thought to be smooth muscle tumours, CD34
positivity indicated that they were a separate entity. For reviews see [53]
and [54]. The tyrosine kinase inhibitor Glivec (Novartis) is used to treat
such tumours, and as such, c-kit/CD117 immunoreactivity has been
advocated as a biomarker predictive of response to this form of tyrosine
kinase-targeted therapy.

4.3.9.1 Heat retrieval or no heat retrieval?

The consensus meeting for the management of GISTs indicated that
approximately 5% of histologically-suspected GISTs are c-kit/CD117
negative and that immunohistochemistry should be performed without
antigen retrieval as HMER might result in false-positive staining. Further-
more, a recent publication by Parfitt ef al. [55] also indicates the potential
for misdiagnosis of gastrointestinal Kaposi sarcoma (KS) as GISTs, follow-
ing HMER prior to CD117 immunocytochemistry.

At the time of writing this chapter, the UK NEQAS ICC & ISH pilot
module for c-kit/CD117 requests participants to carry out staining on two
separate tissue sections, using HMER on one section and non-HMER on
the other. Participants are requested to adjust the antibody dilution so that
the distributed GIST sections are adequately stained with both HMER and
non-HMER methods.

The UK NEQAS ICC & ISH GIST pilot study data in Table 4.8 shows
that participants using HMER performed on average (mean score 14/20)
better than those using non-HMER (mean score of 10/20) (Table 4.9).
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Table 4.8 Results from the UK NEQAS ICC & ISH alimentary tract module where
participants used HMER prior to staining. Data shows a comparison between the main
clones used and the mean scores attained. Data from four separate assessments over a
two-year period (2004-2006)

Clone No. of slides assessed Mean score (max. 20)
A4502 (rabbit poly) 161 14
T595 (Mouse mono) 13 8
9.7 (rabbit mono) 6 12
Total 180 13

However, it should be noted that the main reason for failure on the
non-HMER section was participants not adjusting the antibody dilution.
UK NEQAS ICC & ISH advocates the use of optimized primary antibody
dilutions for both the HMER- and non-HMER-treated sections. The
majority of participants use the Dako A4502 polyclonal antibody.

Ideally a GIST with adjoining intestine should be used as a positive
control, or else a GIST with a section of appendix on the same slide. For
both HMER and non-HMER sections, there should be good localization of
CD117 in the GIST (Figure 4.11). In the adjoining intestine or appendix,
CD117 should show good localization of interstitial mast cells and cells of
Cajal [56]. Suboptimal staining is normally characterized by weak and/or
patchy staining of the GIST, with little or no staining of mast or Cajal cells.
Excessive HMER can also lead not only to excessive background but also to
nonspecific staining, normally evident in the surrounding epithelium,
intestine or appendix.

Table 4.9 Results from the UK NEQAS ICC & ISH Alimentary tract module, stained at
the same time as in Table 4.8 but without the use of HMER prior to staining. Data shows
a comparison between the main clones used and the mean scores attained. Data from
four separate assessments over a two-year period (2004-2006)

Clone No. of slides assessed Mean score (max. 20)
A4502 (rabbit poly) 139 10
T595 (Mouse mono) 10 5
9.7 (rabbit mono) 5 4

Total 154 10
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Figure 4.11 Gastrointestinal tumour. CD117-positive following HMER showing strong
immunoreactivity and (inset) interstitial mast-cell positivity

4.4 Conclusions

Although ICC is now an established discipline in both the research and
diagnostic cellular pathology settings, it remains the case that lack of
standardization of protocols and assessment procedures often results in
poor and inconsistent results. Establishing protocols for the workflow
through the laboratory can increase consistency, and establishing working
relationships with external organizations interested in quality assurance
increases good performance recognized by external peer review. We
have illustrated how the end-product of the ICC process depends on
pre-analytical, analytical and post-analytical steps, the results of which can
play an essential role in patient diagnosis and treatment. With the ever-
expanding number of biomarkers as targets for therapy, the central role
ICC plays in cellular pathology and clinical practice is assured and is
guaranteed to demand best practice from scientist and medical practitioner
alike.
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5.1 Introduction

‘Targeted therapy’ [1, 2] refers to the rational design and development of
therapeutic agents with effects that are particular to the specific molecular
features of cancer cells. Its goal is to improve on the efficacy of current anti-
tumour treatments whilst minimizing adverse effects on normal cells.

Oncogenes and tumour-suppressor genes are critical for both cell
proliferation and cell fate determination (differentiation, senescence and
apoptosis), with cell type- and context-specific effects: overexpression of a
specific oncogene can enhance proliferation in one cell type but induce
apoptosis in another [3, 4]. Owing to selective pressure during tumour
development [5], it is believed that cancer cells often become ‘addicted to’
(i.e. physiologically dependent on) the continued activity of specific
activated or overexpressed oncogenes (molecular drivers) for maintenance
of their malignant phenotype [1-4], with the subsequent clonal selection of
cells harbouring the constitutively activated or amplified oncogene within
the tumour. The ability to induce proliferative arrest, differentiation and
apoptosis by ‘switching oft’ these genes [1, 2, 6] is therefore a highly
attractive strategy for molecular targeted therapy in cancer.

Advanced Techniques in Diagnostic Cellular Pathology ~ Edited by Mary Hannon—Fletcher and Perry Maxwell
© 2009 John Wiley & Sons, Ltd. ISBN: 978-0-470-51597-6
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Where such ‘molecular drivers’ exist in tumours, such as the BCR-ABL
translocation in Philadelphia chromosome-positive chronic myeloid
leukaemia (CML) [7] or KIT in soft gastrointestinal stromal tumours [2],
targeted therapy in the form of monoclonal antibodies or small molecule
inhibitors, like Imatinib, has been shown to induce clinical responses
in patients with tumours harbouring these specific genetic alterations [2].
In the context of solid tumours, this principle of ‘oncogene addiction’ is
illustrated by the improved response rates and survival benefits observed in
patients with HER2-positive breast cancers, where overexpression of HER2
is driven by HER2 gene amplification in >90% of cases, following anti-i
antibody (trastuzumab) therapy [8] and therapy with small molecular
inhibitors such as lapatinib [9].

The majority of common solid tumours have complex karyotypes
comprising multiple genomic abnormalities with extensive cytogenetic
variability [10]. The high level of karyotypic complexity has made a
systematic characterization of chromosomal patterns in solid tumours
difficult. Hence, whilst many potential targets have been postulated, critical
molecular drivers remain elusive, making the development of targeted
therapy much more challenging. In the past, one of the main limitations in
the process of target identification was the lack of techniques that
could help identify recurrent molecular genetic changes in tumours with
remarkably complex karyotypes. In recent years, this obstacle has partly
been overcome by the development of microarray-based comparative
genomic hybridization (aCGH) technologies [11, 12] specifically designed
to interrogate the tumour genome for the molecular genetic changes driving
tumour growth and progression, including a rapid and detailed analysis
of global genomic copy-number changes in entire tumour genomes
(Table 5.1). Studies using aCGH have led to new molecular classifications
of tumours by comparing patterns of genetic changes [13, 14], improved
our understanding of tumourigenesis and tumour progression [15-17],
and led to the identification of novel putative molecular therapeutic
targets [18-20].

Although progress has been made, and despite the significant swell
of aCGH methodologies and data in recent years [12], significant chal-
lenges still exist before the promise of aCGH (and its derivatives)
can be translated into the clinical reality of targeted therapy discovery.
Microarray techniques are subject to considerable data variability, due
in part to variations in methods of DNA extraction, probe labelling
and hybridization, the type of microarray platform used, the number
and biological characteristics of samples analysed, the methods used
for microarray and statistical analysis, and results validation [21].
Hence, a whole spectrum of methodological issues need to be addressed
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Table 5.2 Parametersto be considered in the design of microarray-based
comparative genomic hybridization studies

Sample-related

Sample type (e.g. FFPE vs. fresh frozen tissue) and number
Tissue and intra-tumour heterogeneity

DNA yield and quality

DNA amplification bias

Links with clinical databases

Tumour specific aberrations vs. copy number polymorphisms

Platform-related

Reliability and reproducibility

Availability

Cost

Quantity of DNA required for assay

Types of aberrations detected, e.g. allelic vs. non-allelic informative platform
Resolution

Analysis methods

Integration of results with those of other high-throughput methods

before the impact of aGCH on translational research can be fully
realized (Table 5.2).

5.2 Principles of array CGH

Array CGH is based on the same principles as metaphase CGH, a technique
that has been extensively used for the genomic characterization of a number
of solid tumours. Both techniques allow the study of DNA copy-number
alterations genome-wide, except that the targets for hybridization are
mapped clones in the aCGH technique instead of chromosomes as in
metaphase CGH. Array CGH, or matrix CGH, (Figure 5.1) was first
described in 1997 [22]. Briefly, the technique involves differentially fluo-
rescently labelled test (normal) and reference DNA, which is co-hybridized
to spotted probes on the microarray glass slide. These are subsequently
scanned to produce an image of differential signal intensities (i.e. dual
channel/colour microarrays). Based on the normalized log, ratios for each
specific clone, a genome-wide (semi)-quantitative analysis of copy-number
changes in a given locus is defined. aCGH allows high-resolution mapping
of amplicon boundaries and smallest regions of overlap, and improvement
in the localization of candidate oncogenes [12] and tumour suppressor
genes, and is only limited by the insert size and density of the mapped
sequences used.
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Figure 5.1 Schematic representation of chromosomal and microarray-based comparative
genomic hybridization (aCGH). A) CGH: tumour and reference DNA are labelled with green
and red fluorophores, respectively, and hybridized to normal lymphocyte metaphase
spreads. 15-20 metaphase are captured using a fluorescence microscope coupled with a
digital camera. Green to red signal ratios are quantified digitally for each chromosomal
region along the chromosomal axis. B) aCGH: as in CGH, tumour and reference DNA are
labelled with specific fluorochromes (e.g. Cy3 and Cy5), but then hybridized to glass slides
containing bacterial artificial (BACs) with sequence-verified, fluorescent in situ hybridiza-
tion (FISH)-mapped DNA inserts spaced throughout the genome in predefined intervals.
After washing, slides are scanned and analysed using specific bioinformatic packages. On
the right is shown a diagram of chromosome 1 and a chromosome plot generated with the
Breakthrough Breast Cancer 32K microarray platform. Areas of gains and losses are
highlighted in green and red, respectively. Note losses on the short arm and a large gain
on the long arm (modified from [16])
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5.3 aCGH platforms

A wide variety of aCGH platforms are currently available and it should be
emphasized that at the moment there is no ideal method for array CGH
analysis. Most platforms may be obtained commercially, and they all have
advantages and limitations that should be taken into account for study
design (Tables 5.1 and 5.2). Two basic types of genomic array technology
exist: ordered arrays and random arrays. Ordered arrays are manufactured
by spotting (using pins) or synthesizing individual probes in an organized
pattern on a planar surface. Random arrays are constructed by immobiliz-
ing individual probes on to beads, which are then pooled and assembled on
to a patterned planar surface. This allows an average of ~30 replicates of
each probe in the array. The identity of each bead is determined following
hybridization of specific labelled complements to the probe sequences on
the bead. Currently, the majority of aCGH platforms are ordered arrays,
with random bead arrays only commercially available from Illumina
(San Diego, USA).

Highly-parallel sequencing technologies capable of providing both
quantitative (copy number) and qualitative (gene sequence) information
from entire tumour genomes in a matter of weeks rather than years have
been developed, and are now commercially available. This technology
(see Section 5.3.5) has the potential to become the blueprint for the next
generation of comparative genomic analysis tools for therapeutic target
discovery.

5.3.1 cDNA arrays

Initial studies on genome-wide approaches to aCGH were performed
using cDNA microarrays, which were originally designed for expression
profiling [23]. The use of this type of microarray for aCGH analysis was due
to the availability of cDNA clone sets and the fact that in theory they
would allow a direct correlation between genomic deletions and amplifica-
tions. However, cDNA microarray analysis enables only the detection of
aberrations in known genes and ESTs, since cDNA probes are only
representative of expressed genes on a chromosome. The absence of
intronic sequences also reduces the stability of the hybridization dynamics,
leading to low-hybridization signals, cross-hybridization and reduced
sensitivity. In terms of maximal achievable resolution, cDNA arrays cannot
compete with currently available alternatives and have already become
obsolete in aCGH studies.
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5.3.2 BAC arrays

Bacterial artificial chromosomes (BACs), P1-derived artificial chromo-
somes (PACs) and yeast artificial chromosomes (YACs) are large insert
genomic clones that have been widely used in aCGH studies [24-26]. BAC
arrays are spotted, dual-channel platforms where test (tumour) and refer-
ence DNA are differentially labelled (e.g. Cy3 vs. Cy5) before hybridization
on to the array. BAC probes vary in length from 100 to 200 kb and the
resolution of each BAC array is defined by the number of unique probes it
contains. The probe content of genome-wide BAC arrays ranges from a few
hundred to ~32 000 unique elements (tiling path array). Tiling path arrays
(i.e. arrays where each BAC overlaps with its contiguous BACs) provide a
resolution of up to ~50 kb, given that a genomic change can only be detected
if it is sufficiently big to significantly change the hybridization intensity in
one of the channels (i.e. change the red:green ratios). These platforms
provide sufficiently intense signals for the detection of single-copy-number
changes, are able to accurately define the boundaries of genomic aberra-
tions, and, importantly, can be readily applied to DNA extracted from
archival formalin-fixed paraffin-embedded (FFPE) tissue as well [27, 28].
One of the main drawbacks with BAC arrays is that their availability from
commercial sources is limited and their in-house production is both
expensive and highly labour-intensive. In addition, as BAC probes are
representative of the human genome, they will also contain repetitive
sequences, which can lead to nonspecific hybridization. In order to prevent
nonspecific hybridization to these repetitive sequences, Cot-1 DNA is often
included in the hybridization reaction, adding to the overall cost of the assay.

5.3.3 Oligonucleotide arrays

Oligonucleotide array aCGH (OaCGH) platforms consist of single-stranded
25-85 mer oligonucleotide elements [ 26, 29]. Different types of oligonucleo-
tide array have different labelling and hybridization protocols and can
provide high-resolution measurements of copy number [26]. There are two
main types of oligonucleotide array: single-nucleotide polymorphism
(SNP) arrays and non-SNP arrays. Non-SNP arrays include those available
from Agilent Technologies (Santa Clara, USA) and Roche NimbleGen
(Madison, USA) and comprise 60—75 mer oligonucleotides with site-specific
sequences across the genome. SNP arrays, such as those available
from Affymetrix (Santa Clara, USA) and Illumina, comprise oligonucleo-
tides that correspond to SNPs along the human genome, and were originally
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designed for use in linkage analysis and whole-genome genotyping (WGG).
Hence, unlike BAC arrays, SNP arrays can also provide information
regarding loss of heterozygosity (LOH) and copy-neutral genetic anomalies
such as uniparental disomy (UPD) and mitotic recombination, in addition
to allelic copy-number changes.

The main limitations with OaCGH platforms are significantly lower
signal intensities when compared to those obtained with BAC arrays, and
higher probe-to-probe-variation and sequence-dependence of hybridiza-
tion in the arrays, due in part to greater variation in hybridization
dynamics. This is likely to be a function of probe length (oligonucleotide
probes are ~100 kb shorter than BAC probes) and GC content, leading to
higher variation in signal intensity for similar copy numbers. Lower signal
intensities for each probe lead to higher levels of experimental variation/
background noise, which render the identification of low-level gains and
losses more difficult and the use of degraded DNA (such as that extracted
from FFPE samples) challenging. Consequently, although theoretically
affording a resolution as high as ~2kb, signals from several probes
(~3-10) need to be averaged or smoothed using specific algorithms before
a call can be made. However, the resolution of these platforms can easily
be improved by increasing the feature density (i.e. number of SNPs) in the
array. Hence, an array with 1000 K SNPs per slide, allowing an averaging of
5-10 SNPs for each call, will allow a resolution of ~10-25 kb.

5.3.4 Molecular inversion probe arrays

Molecular inversion probes (MIPs) are single oligonucleotides with two
flanking inverted recognition sequences that recognize and hybridize to
specific genomic DNA sequences ranging between 41 and 61 bp in length
(Affymetrix). Following probe hybridization to target DNA, a single base-
pair gap exists in the middle of the two recognition sequences. This gap can
either be an SNP or a nonpolymorphic nucleotide. The gap is enzymatically
filled with an appropriate oligonucleotide, resulting in the formation of a
circularized probe that subsequently undergoes ‘probe inversion’, which
enables the probe to be amplified. Cross-reacted or unreacted probes are
separated from the resulting circularized probe via an exonuclease reaction.
Each MIP oligonucleotide has a unique sequence barcode tag, which can be
assayed via a tag microarray once it anneals to its specific complementary
genomic sequence and is circularized [29].

MIP technology has several theoretical advantages over other array
platforms, including: higher probe specificity and performance, and thus
the robustness of genotype and copy-number determination; a reduced risk
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of amplification bias and overall cost of the assay, since no PCR amplifica-
tion is required at the point of mutation detection; and greater flexibility in
terms of designing MIP probes, as signals are assayed using a tag array,
hence affording one the choice of using any unique sequence, specific exons
or other interesting sequences in the array. MIP arrays are therefore
particularly well-suited to identifying genomic deletions at a very high
resolution, for example at exonic and microsatellite marker-level
changes [30], and have been reported to work with DNA from FFPE tissue
as well [30, 31]. However, MIP assay technology has not yet been exten-
sively tested, in particular because it initially required 2 ug test DNA [31]. A
new protocol [32] that requires 75 ng of total genomic DNA and allows for
higher precision, lower false-positive rate and accurate absolute copy-
number determination of up to 60 copies has been developed very recently,
making this technology more attractive for translational research studies.

5.3.5 Solexa sequencing technology

The human genome reference sequence cost an estimated £500 million to
produce and an individual human genome analysed today using the Sanger
method would cost about £5million [33]. Further cost reductions are
essential before the concept of personalized genome sequencing can be
realized. Highly-parallel sequencing technologies that can provide both
quantitative and qualitative assays of the human genome sequence at a
fraction of the cost are being developed [29, 33—-38]. Several systems are
currently available, including the Illumina ‘Solexa’ Genome Analyzer, the
ABISOLID (Sequencing by Oligo Ligation and Detection) next-generation
genetic analysis system, the Roche (454) GS FLX sequencer and the Helicos
true single molecule sequencing. Fach of these methods has advantages and
disadvantages related to the length of the sequences generated and the
flexibility of the platform. This field is evolving at unprecedented pace and
the reader is referred to two recent reviews on this topic [34, 38].

For the purpose of this chapter, we will briefly discuss the Illumina
Genome Analyzer (Solexa), which uses four proprietary fluorescently-
labelled modified nucleotides to sequence the millions of clusters of
genomic DNA present on a flow-cell surface. Following fragmentation,
test DNA is ligated to adapters that facilitate the binding of the single-
stranded DNA fragments to the flow-cell surface. These immobilized DNA
fragments serve as sequence templates. Following this, unlabelled nucleo-
tides and enzyme are added in order to initiate solid-phase bridge amplifi-
cation. This step creates up to 1000 identical copies of each template in close
proximity (diameter of one micron or less). The four labelled nucleotides
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(adenine, thymine, guanine and cytosine), which possess a reversible
termination property, are then introduced. This allows each cycle of the
sequencing reaction to occur simultaneously in the presence of all four
nucleotides. At the end of each cycle, laser excitation results in emitted
fluorescence from each cluster on the flow cell, following which the image is
captured. This allows the sequence of bases in a given DNA fragment to be
acquired a single base at time. Following repeated sequencing cycles, the
sequencing data is aligned and compared to reference DNA in order to
identify sequence differences as well as copy-number changes for each DNA
fragment, using a proprietary genome analyser software package.

The potential to elucidate the global genomic copy-number changes,
together with all the activating and inactivating mutations in known
oncogenes and tumour-suppressor genes, and the presence of transloca-
tions and gene fusions in an entire human tumour genome, is a tantalizing
prospect [34, 38]. From a molecular genetics perspective, this technology
has the potential of solving several longstanding controversies, such as the
mechanism leading to amplification, and rearrangements involved in the
genesis of amplified regions. Furthermore, next-generation sequencing
allows for the identification of structural genomic aberrations. In fact, we
anticipate that this technology will lead to the identification of numerous
oncogenic fusion genes in common types of carcinoma [39], contrary to the
current belief that fusion genes, although highly prevalent in leukaemias/
lymphomas, paediatric tumours and prostate cancer, would be rare in
breast, lung and colon cancer. The development of analytical tools and
bioinformatics methods to support this type of technology will be undeni-
ably challenging, but also of paramount importance. When available, these
technologies may be the very epitome of the ideal profiling tool for the
prospect of genomically-tailored therapy.

5.4 Choosing the right platform

The choice of platform is dependent on the types of sample available as this
has a direct impact on the quantity, quality and purity (i.e. the proportion
of DNA belonging to the cells of interest) of extractable DNA for analysis.
The vast majority of translational research studies successfully incorporat-
ing aCGH analyses have used DNA extracted from fresh-frozen tissues to
provide the highest-quality nucleic acid for analysis. However, the most
widely available resource for DNA remains ‘locked’ in archival FFPE
material, which is accompanied by a wealth of clinical follow-up data.
Extracted DNA from FFPE is often heavily cross-linked, degraded,
fragmented and heterogeneous (i.e. a mix of cells of different genomic
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composition), and is therefore suboptimal for microarray analysis [40].
Consequently, aCGH profiles of FFPE material generally have larger
variances, lower signal intensities and lower dynamic range than hybridi-
zations of fresh-frozen tissue and cell line-derived DNA.

Currently, the majority of aCGH studies that have reported success in
using DNA extracted from archival FFPE cancers to identify copy-number
changes and putative therapeutic targets have been based on BAC array
platforms [29, 20, 41-43]. Nonetheless, there have recently been limited
reports of success in aCGH profiling of FFPE tumours using cDNA
arrays [44, 45] and Affymetrix [46] array platforms as well. Furthermore,
a multiplex-PCR-based quality control procedure that can predict the
viability of the test DNA for the aCGH analysis has been described [40].
When using FFPE or fresh-frozen tissue for aCGH analysis, careful
microdissection of tumour from surrounding stromal-component tissue
to ensure a 70-75% purity of tumour DNA content has been shown to be
sufficient [12, 40, 47]. Although bioinformatic algorithms to deal with
samples containing >50% non-neoplastic cells have been described [48],
the accuracy of the profiles obtained with these approaches remains to be
determined.

With laser-capture microdissection, it is now possible to study the
genetic features of limited numbers of cells or small lesions of interest.
The limiting step for coupling laser-capture microdissection or other
microdissection techniques with aCGH has been the small amount of
DNA retrieved using these methods. In the study of tumours, where most
diagnoses are currently made on core needle biopsies, for example breast
cancer, the lack of material can present a significant obstacle to detailed
molecular analysis. Although this problem may be overcome by increasing
the yield of DNA for aCGH with whole-genome amplification (WGA)
methods [28, 49-55], most WGA methods tested to date introduce signifi-
cant genomic biases in the analysis. However, this can be minimized by
ensuring similarly-amplified reference and test DNA samples are used in the
assay [49, 56].

Evidently, a platform with higher resolution is likely to provide a more
comprehensive picture of the global genomic aberrations in a tumour. For
example, the use of high-resolution BAC array analysis has revealed a
greater deal of complexity than was previously anticipated. When the 8p12-
p11.2 amplicon [57], found in 10-15% of breast cancers and arguably
associated with the outcome of breast cancer patients [58], was subjected to
high-resolution aCGH analysis, its complexity emerged. Currently it is
accepted that this amplicon is composed of at least four distinct amplifi-
cation cores [59]. Similar findings have been described for other amplicons
in breast cancer, including the recurrent amplification on 20q13 [60].
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Clearly, the ease of detecting any particular genomic copy-number aber-
ration is inversely proportional to its size (length) and the number of
elements involved. Hence, a large 1 Mb region with multiple copy-number
gains would encompass multiple elements and be detected by most array
platforms, whilst a small 20kb region with only a single copy-number
change (e.g. microdeletion) would be beyond the resolution of most array
platforms, with the possible exception of high-density oligonucleotide
arrays and SNP arrays, MIP arrays and high-throughput Solexa sequencing.
Obviously, cost is another major consideration, and if high-resolution
arrays are unavailable one might even choose to combine a lower-resolu-
tion BAC array for global genomic analysis with fine-mapping of an
individual chromosome or genomic region of interest using custom
designed oligonucleotide arrays (e.g. NimbleGen) [61].

Regardless of resolution, however, some platforms are better at picking
up specific anomalies than others. Hence, if a global picture of large-scale
gains/amplifications and losses is all that is required, any array platform will
suffice, provided it is of the desired resolution. Alternatively, if the
detection of more subtle aberrations involving copy-number-neutral allelic
imbalances such as UPD and mitotic recombination is required, SNP arrays
and the Solexa sequencing flow-cell technology are the platforms of choice.

5.5 Analysis and validation

Analysis of micorarray data always poses the statistical problem of false
discovery given that thousands of variables (probes/genomic regions) are
being investigated using a relatively small number of biological replicates
(sample size) due to cost and availability of material [62, 63]. Furthermore,
the data cannot be assumed to follow a normal distribution and often many
outliers exist. In addition, adjustments need to be made for channel-
dependent background and global intensity differences, and also to scale
the data.

Various analytical tools and methods [64, 65] have been designed to
resolve these problems, and numerous bioinformatics software packages
designed for the analysis of aCGH data are publicly available from the
World Wide Web. These include regularly-updated versions of the R data-
transformation and statistical-analysis program (the R Project for Statisti-
cal Computing) and Bio-Conductor (Open Source Software) [66] and
some packages better suited for copy-number analysis of SNP chips, such as
Genomic Identification of Significant Targets in Cancer (GISTIC) [67].
In addition, all commercially-available aCGH platforms come with
their own specific data-analysis software (e.g. Illumina Beadstudio and



5.6 FINDING THE TARGET 147

QuantiSNP [68]), including platform-specific protocols for data normali-
zation and bioinformatics support. However, a preliminary analysis carried
out by our group, comparing Beadstudio and other analysis platforms,
revealed the rather low sensitivity of the former [69]. Essentially, these
analytical software packages use algorithms to reduce the experimental
variation for regions with similar copy numbers (i.e. smoothing algo-
rithms), such as adaptive weighted smoothing (aws) [70], maximum-
likelihood models, hidden Markov models [71], Gaussian smoothing [72]
or circular binary segmentation [73], before confidently defining genomic
changes. In simplistic terms, these analytical methods transform aCGH
data by organizing a user-defined consecutive sequence of adjacent signals
into regions of constant copy number known as segments, which are
subsequently classified as ‘gain’, ‘amplification’, ‘loss’ or ‘no change’
depending on their signal intensity and tumour:reference signal ratio.

Whichever method is utilized in the analysis of aCGH data, it is vitally
important that the invariably and often excessively large volume of
data generated is appropriately curated and validated with in situ or
other molecular methods. These include quantitative real-time PCR
(QPCR) techniques [74] and fluorescent (FISH), chromogenic (CISH)
or silver (SISH) in situ hybridization (see Chapter 6) [19, 75-79].
Additionally, in studies where matched normal DNA samples are not
available, regions of genomic interest (i.e. recurrently amplified or deleted)
need to be cross-referenced with available germline DNA copy-number
polymorphism (CNV) databases [80] and validated, preferentially, with
in situ methods.

5.6 Finding the target

Fundamental to any good experimental study is good design. With the
extensive dimensionality of data generated by aCGH studies, good design
has never been more crucial in facilitating data analysis and appropriate
interpretation of results [12]. When designing microarray studies, there
are three commonly adopted approaches, namely class-comparison,
class-discovery and class-prediction studies [21]. In addition, aCGH is
also often employed in descriptive molecular genetic characterization of
tumours and accurate identification of the boundaries of specific ampli-
cons and deleted regions [12, 18, 19, 77]. Although the majority of
microarray-based gene expression and aCGH studies in breast cancer
have employed one of the above approaches [50, 81-85], the identifica-
tion of potentially ‘druggable’, recurrent molecular genetic changes using
aCGH is the focus of this chapter.
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The challenge of using aCGH as a screening tool for the identification of
therapeutic targets is not trivial. Our group and others have approached
this challenge in two distinct ways: through top-down and bottom-up
studies. The top-down approach involves profiling a group of histopatho-
logically-homogenous tumours using aCGH to identify recurrent genetic
changes that might harbour potential oncogenes or tumour-suppressor
genes. Here, the emphasis is on discovering individual genetic aberrations
and the genes mapping to these regions that have a significant impact on
tumour biology. For example, in ER-positive cancers, recurrent amplifica-
tions of 8p11.2-8p12 are observed in approximately 10% of cases. Array
CGH can be used to define the boundaries of this amplicon and the genes
that map to the smallest region of amplification (SRA, i.e. the genomic
region that is amplified in all cases harbouring the amplification). It should
be noted that with the increasing resolution of aCGH, it has become
apparent that most amplicons are much more complex than was previously
anticipated and that these amplicons may comprise more than one SRA
and, almost certainly, more than one amplicon driver. Both concepts
have recently been demonstrated in breast cancers with amplification of
8p11.2-p12 [59] and of 20q13 [60]. In 8p11.2-p12, at least four distinct
amplicon cores with different drivers have been described, whereas in
20q13 two distinct patterns amplification have been found, which are not
only associated with differing gene expression profiles but also have distinct
prognostic significance.

Apart from detailed and diligent aCGH analysis, this process requires
overlaying of array CGH and expression array data (or another type of
relatively high-throughput expression profiling), protein profiling or RNA
interference (RNAI) analysis. If the expression of the genes mapping to the
SRA is determined in the same tumours by means of expression arrays,
quantitative real-time PCR (qRT-PCR) or immunohistochemistry
(if antibodies for all gene products are available), the genes whose expres-
sion correlate with amplification can be identified. However, one should
bear in mind that for some genes, expression is more pervasive than gene
amplification and correlation coefficients may not be as high as expected.
Therefore, ruling out a gene as a possible amplicon driver based on a low
correlation coefficient may risk excluding potentially biologically-interest-
ing genes or even the actual amplicon driver. One study ruled out many
genes as possible amplicon drivers of 8p11.2-8p12, including FGFR1, based
on that approach [86]. We advocate a more cautionary approach, ruling
out only those genes that are not expressed when their locus is amplified.
Given the complexity of the amplicons, this should be based on a diligent
overlaying of genomic and expression data, including the complexity of the
amplicon cores [59].
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After identifying a specific amplicon and its possible/likely driver(s), the
next step is to identify a model to test whether cancer cells of similar
phenotype depend on any of those genes for their survival (i.e. if the genes to
be studied would elicit an ‘oncogene addiction’ phenomenon in a specific
model that resembles the cancer initially studied). The identification of the
model can be achieved either by a detailed profiling of cancer cell lines or by
interrogating publicly-available datasets of genomic and expression data of
specific cell lines similar to the type of tumour that was studied (e.g. [87] for
breast cancer cell lines). It is of utmost importance to identify models that
not only harbour the amplicon of interest, but also have a phenotype that is
similar to that of the cancer studied, as the functions and biological
importance of a significant number of oncogenes appear to be context-
and cell-type-dependent. Unlike previous beliefs that cancer cell lines would
have so many in vitro artefacts that could not be used as models for human
cancer, recent studies have provided strong circumstantial evidence to
suggest that not only are the phenotypes of tumours recapitulated in cell
lines, but many of the genomic aberrations identified by aCGH analysis of
human tumours are also found in the genomic profiles of cell lines [87—89].
Forinstance, up to 10% ofluminal cancers harbour 8p11.2-p12and 11q13.3
co-amplifications [19, 58], and two breast cancer cell lines of luminal
phenotype also harbour the same co-amplification (i.e. MDA-MB-134 and
SUM44 [19, 87]; a subgroup of basal-like breast cancers harbour amplifica-
tion of the EGFR gene [17, 19] and two basal-like breast cancer cell lines also
harbour this amplification (i.e. MDA-MB-468 and BT-20) [19, 87], and the
amplicons are remarkably similar (Reis-Filho ]S, unpublished results).
Once the model has been identified, the biological significance of each
gene can be tested by knocking it down by using RNAi methods and
chemical inhibition, if the protein product of the gene can be targeted with
compounds already available. This approach has led to the identification of
putative therapeutic targets in various tumours, such as E2F3 in bladder
cancer [90], RAB25 in breast and ovarian cancer [18], IGF1R in Wilm’s
tumours [77] and FGFRI in breast cancer [19] (Figure 5.2).

An alternative approach to identifying potential therapeutic targets in a
given tumour type, which has recently been adopted by our group, is based
on the identification of the genes pertaining to the SRA of recurrent
amplicons and subsequent functional profiling of all genes belonging to
these regions by high-throughput small-interfering (siRNA) or short-
hairpin (shRNA) screens [91]. This approach circumvents the problem
of ruling out genes whose expression does not necessarily correlate with
gene amplification (as explained above).

The bottom-up approach involves identifying possible therapeutic
targets in cell lines of a particular cancer type and then identifying a
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group of tumours with similar phenotypic characteristics that harbour
the same genomic changes. For example, by subjecting a set of cell lines
to both aCGH and gene-expression array analysis, putative oncogene
candidates within a validated region of recurrent amplification can be
interrogated at the level of gene expression to identify a shortlist of
genes where a good correlation exists between amplification and mRNA
overexpression [12, 87]. From this shortlist, Western blots are carried out
on cell line lysates to confirm the presence of protein overexpression
and its correlation with mRNA expression, whilst parallel immunohisto-
chemical analysis in a larger series of FFPE tissues can be performed to
confirm the presence of overexpression of the protein(s) of interest in
tumours. The prognostic and predictive significance of these proteins
and their association with histopathological subtype will also provide
a further layer of evidence with regards to phenotypic relevance.
The goal of the analysis of the cell lines is to generate a shortlist of genes
that are amplified and overexpressed and which can be tested in
clinical samples to determine whether they are of prognostic significance
or putative therapeutic targets or both. For example, the analysis of
HER2-amplified breast cancer cell lines has demonstrated that other
genes pertaining to the HER2 amplicon, such as GRB7 and STARD3,
are consistently co-amplified and co-overexpressed with HER2. When
these genes are knocked down with siRNA, significantly decreased
cell proliferation and cell-cycle progression are observed [92]. These
findings provide circumstantial evidence that HER2-amplified cell
lines may also be ‘addicted’ to the signalling of genes co-amplified
together with HER2. The recent identification of PVT1 as a gene
consistently co-amplified and overexpressed with MYC provides yet
another example of this phenomenon, as siRNA reduction in either
PVTI or MYC expression was shown to inhibit proliferation in breast
cancer cell lines where both genes were amplified, but not in those
lacking amplification of these genes [93]. Tumour DNA can be subjected
to gene sequencing to look for mutations of functionally-significant
genes as well.

Clearly the type and number of samples available will affect the feasibility
of any of the aforementioned approaches, in particular whether a top-down
or a bottom-up approach would be more suitable. Where fresh-frozen
tumour samples are unavailable and FFPE DNA is not of sufficient quality
for aCGH analysis, a bottom-up approach is more likely to be fruitful.
Conversely, even with fresh-frozen tissue available, comprehensive molec-
ular genetic profiling of cell lines derived from the tumour subtype of
interest has the added advantage of providing investigators with the
optimal models for in vitro functional assays [87].
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5.7 Data integration

One of the challenges of the approaches outlined above is how to define a
shortlist of the most likely therapeutic targets. In this respect, integrative
analysis of high-throughput data [4-97] from aCGH, gene expression and
methylation arrays and proteomic analysis may be particularly useful for
several reasons: 1) the impact of methodological unreliability is reduced by
cross-validation between data from different biological (i.e. genomic, gene
transcription or protein expression) levels; 2) the integration of genomic
data (i.e. copy-number changes) with data subject to dynamic changes
(e.g. mRNA and protein expression); 3) the facilitation of the development
of a systems-biology approach to delineate the interplay between key
signalling pathways, networks and regulatory feedback loops that deter-
mine disease phenotype. However, such integrative approaches are encum-
bered by complex logistic and analytical challenges, which include: 1) the
immense biological complexity in progressing from genotype to pheno-
type; 2) sources of variation and functional redundancy within each
biological level [96] that exists for any one individual, set against the
background of patient and tumour heterogeneity; 3) the ever-increasing
need for sufficient bioinformatics expertise, software and hardware to
process vast amounts of data generated by these integrative studies; 4) the
limited availability of clinical material (e.g. core biopsies) for use in
different assays. Furthermore, most systems have not incorporated all
levels of complexity; for instance, miRNA data has been largely neglected in
most models of data integration.

In addition, such models, in particular in the bottom-up approach, may
be superseded by the results of overlaying array CGH data with genome-
wide siRNA screening of specific cell-line models [91]. Integrating genomic
changes with high-throughput siRNA screening may lead to the identifi-
cation of amplified genes whose siRNA inhibition is lethal, and may
expedite the identification of oncogenes fundamental to the survival of
cancer cells.

5.8 Clinical applications

In parallel with and perhaps as a necessary corollary to the search for
therapeutic targets, there is now widespread recognition of the essential
requirement for biological or biochemical features, i.e. biomarkers, which
can be used to measure or predict the effects of treatment. This is
particularly important for patient selection, both clinically and economi-
cally. given the often considerable financial costs of these drugs.
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The availability of companion diagnostic assays for biomarkers that are
inexpensive and easily performed, such as the semi-quantitative immu-
nohistochemical assay used to measure the levels of oestrogen receptor
(ER) in breast cancer to predict response to anti-oestrogen therapy (as we
have seen in Chapter 4), is much more likely to facilitate the translation of
any newly-discovered therapeutic agent or strategy into clinical use. Given
the potential for the practical and commercial impact of novel drugs to be
maximized in this way, companion diagnostics are becoming an integral
part of the design and development of targeted cancer therapies, and are
likely to play an increasing role in cancer care as we move toward the
development of strategies for individualized therapy. In the context of
approaches directed towards the identification of candidate oncogenes
within recurrently-amplified genomic regions as putative therapeutic
targets, the added advantage is that the target doubles up as a biomarker
as well. A good example of this is the routine use of fluorescent in situ
hybridization (FISH) assays in clinical pathology laboratories to detect
amplification of the HER2 gene in breast tumours (Chapter 6) [98], which
is present in 15-20% of breast cancers and predicts for response to drugs,
e.g. trastuzumab, designed to inhibit the effects of the overexpressed
protein product. Furthermore, the frequency of the recurrent amplification
and the specific tumour subgroup where it is most prevalent can also be
established in this manner. By interrogating the genome to identify critical
molecular drivers in cancer, aCGH offers the means to identify the
therapeutic target and hence the appropriate biomarker assay as well in
the process of drug development.

5.9 Conclusions

The promise of aCGH needs to be tempered by the reality that it still
remains a crude, albeit powerful, screening tool and should be used as an
adjunct to other molecular techniques. The identification of novel ampli-
cons and tumour-suppressor genes [18, 77, 78, 99] has undoubtedly been
expedited by aCGH but this is only a small step forward in unravelling the
complexity of cancer. Indeed, the way forward is likely to require a systems-
biology approach [94, 95], where data from aCGH, gene-expression analy-
sis and high-throughput functional assays (e.g. combining genome-wide
aCGH with targeted function analysis of genes pertaining to specific
amplicons) is integrated to facilitate our understanding of complex
biological systems and serve as a basis for the identification of future
therapeutic strategies and targets in cancer. With the development of next-
generation sequencers [34-39], it will finally be possible to determine
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all numerical and structural genetic aberrations in a given tumour in a
single experiment, and to quantitatively define all RNA species expressed in
the same sample, by means of digital expression profiling and RNA
sequencing. These technology developments undoubtedly herald a new
era for cancer biology. Understanding the complexity of cancers at the
genomic and transcriptomic level, with the resolution and accuracy
provided by next-generation sequencers, will constitute a significant step
towards the goal of individualized medicine.

Useful Web sites

[lumina (San Diego, USA): http://www.illumina.com and http://www.
illumina.com/morethansequencing

Agilent Technologies (Santa Clara, USA): http://www.agilent.com
Roche Nimblegen (Madison, USA): http://www.nimblegen.com

Affmetrix (Santa Clara, USA): http://www.affymetrix.com and http://www.
affymetrix.com/technology/mip_technology.affx

The R Project for Statistical Computing: http://www.r-project.org

Bioconductor: http://www.bioconductor.org.
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6.1 Introduction

The technique of DNA-DNA hybridization was first described in 1961 [1];
however it is Gall and Pardue [2] and John et al. [3] who are credited with
developing the technique we are familiar with today. The initial experi-
ments focused on the identification of specific DNA targets using RNA or
DNA labelled with radioisotopes such as trititum (*H). The intrinsic
problems associated with the use of these and other radioactively-labelled
probes meant that initially, widespread application of the technique was
restricted. It was not until the introduction of nonradioactive labels [4],
combined with novel methods of probe production, that there was an
exponential expansion in the application and use of the in situ hybridiza-
tion (ISH) technique.

Today, fluorescent in situ hybridization (FISH) has provided significant
advances in resolution, speed and safety, and has paved the way for the
development of simultaneous detection of multiple targets. The use of
interphase FISH to study cytogenetic abnormalities in routinely formalin-
fixed paraffin-embedded (FFPE) tissue has become commonplace. Tissue
ISH has become an invaluable diagnostic and research tool in applications
requiring morphological localization of nucleic acid sequences. It is widely
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used to detect DNA, RNA and more recently microRNA in tissue sections
and cytological preparations. Tissue ISH is used to detect nucleic acid
sequences in a wide variety of solid neoplastic and infectious conditions
and is becoming a crucial theranostic tool, helping to guide therapy by
identifying relevant targets for new drugs in the field of pharmacogenomics.

New and improved methodologies are constantly being described,
including the use of commercially-available labelled probes (fluorochrome,
biotin and digoxigenin); silver (SISH) and quantum dot (Q dot) detection
systems; and dual ICC and FISH (FICTION) and dual-colour chromogenic
(CISH) enhancement products. Moreover, the time-consuming and com-
plex procedures involved in tissue ISH have been simplified by the
introduction of automated slide pretreatment and hybridization stations.
These semi/fully-automated systems ensure the reliability, reproducibility
and standardization of ISH procedures, increase assay throughput and
improve procedure turnaround times.

The focus of this chapter will be on the basics of the ISH method, its
application to tissue sections in particular, its use in diagnostic and
prognostic pathology, the advances that have taken place since it was
introduced and novel developments associated with it.

6.2 ISH probes

The basic requirements of a probe for use in tissue ISH are that it is
complementary to the target nucleic acid sequence and can be labelled in
such a way as to allow microscopic visualization of the hybrid formed. The
different types of probe include the following.

6.2.1 DNA probes

Double-stranded DNA probes are most commonly used to detect DNA
targets. They are generated by the cloning and amplification of specific
sequences of DNA or cDNA, derived by reverse transcription of mRNA
employing vectors (bacterial plasmids and cosmids). The resulting se-
quence can be labelled by nick translation or random priming. Using whole
plasmid DNA can increase the intensity of the hybridization signal due to
the formation of multiple hybrids between plasmid sequences at the target
site, but may also increase the level of background staining [5]. On the other
hand, the use of the cloned insert alone can produce a cleaner signal but
reduces the sensitivity of the hybridization reaction. Prior to hybridization,
a double-stranded DNA probe and its target must be denatured by physical
(heat) or chemical (formamide) means to allow annealing.
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Single-stranded DNA probes can be generated using the polymerase
chain reaction (PCR). Using a DNA template and the appropriate primers,
probes with high specificity can be produced. An advantage of this method
of probe generation is the ability to incorporate labelling of the probe into
the PCR reaction.

6.2.2 RNA probes

Single-stranded RNA probes, so-called riboprobes, are most commonly used
to detect RNA in tissue sections. Riboprobes are usually generated by in vitro
transcription from plasmids containing the sequence of interest. The plas-
mids are designed with promoter sites for RNA polymerases (e.g. T3, T7 and
SP6) and can produce probes complementary to the target RNA sequence
(antisense) or identical to the target sequence (sense). The latter is used as the
negative control when performing RNA ISH. An alternative method of
riboprobe generation is to utilize PCR with appropriate primer sets incorpo-
rating RNA polymerase promoter sequences at their 5’ ends [6]. This method
is less laborious and relatively less expensive than cloning. The transcription
reaction used to generate riboprobes incorporates labelled uridine instead of
thymidine. Although they produce extremely stable hybrids with RNA or
DNA, these probes are highly susceptible to degradation by RNases. They can
also bind nonspecifically, resulting in high background noise [7].

6.2.3 Oligodeoxynucleotide probes

These are short sequences of DNA, usually 15-50 bases, generated on an
automated DNA synthesizer. Their short length makes them ideal for acces-
sing targets within FFPE tissue sections but they are morelikely to be dislodged
if excessive post-hybridization stringency washes are used. In addition, their
short length may result in nonspecific binding and an increase in background
staining. Labelling of oligodeoxynucleotide probes (oligomers) is usually
achieved by 3’ end-labelling with deoxynucleotide transferase or by the
addition of a label at the 5" end [8]. The level of sensitivity of oligodeox-
ynucleotide probes is lower than that achieved with double-stranded DNA
probes but this can be improved by using a cocktail of oligomers comple-
mentary to multiple adjacent sequences in the target gene/region [9].

6.2.4 Padlock probes

Padlock probes were first described by Nilsson et al. [10] in an attempt to
prevent mismatch hybridization of single bases. These short oligonucleotide
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probes (approximately 20 nucleotides long at the 3’ and 5" end) have a 30-40
mer spacer arm between the 3’ and 5’ ends. During hybridization, a ligation
step covalently links the probe sequences to close the padlock probe,
forming a circular molecule almost impervious to high-stringency washes.
Haptens such as biotin or digoxigenin are attached to the spacer arm for
detection purposes.

6.2.5 PNA probes

PNA (polypeptide nucleic acid) is a DNA analogue that forms very stable
duplexes with complementary DNA or RNA sequences. The duplexes
formed with these probes possess high thermal stability and the probes
hybridize with a high affinity and specificity because of their uncharged
and flexible polyamide backbone. For a review of PNA applications,
see [11].

6.3 Probe labels

Early ISH techniques utilized DNA and RNA probes radioactively labelled
with 2P, %S, 1] and *H because of their high sensitivity and the
amplification effect provided by autoradiographic development. So-called
isotopic ISH, although sensitive to the single-copy level, has signal devel-
opment (by means of dipping slides in liquid photographic emulsion),
requiring days or weeks to produce the required result. In addition,
identifying the precise localization of the target nucleic acid sequence can
be hampered by the spread of the radioactive signal. Due to safety and
stability issues, as well as the speed and the quality of target visualization,
radioactively-labelled probes have been gradually replaced, such that they
are now confined to the research setting.

Biotinylated probes were among the first non-isotopic probes to be used
for tissue ISH. They have been widely used for the detection of both DNA
and RNA sequences in tissue samples. The affinity of biotin to avidin and its
derivatives (e.g. streptavidin) have made it possible to detect relatively low-
abundance sequences through the amplification effect provided by the
conjugation of many reporter molecules (alkaline phosphatase, horserad-
ish peroxidase, fluorochromes, colloidal silver and gold) on to each avidin
molecule. A significant disadvantage when using biotinylated probes is the
level of background staining associated with endogenous biotin, particu-
larly in kidney and liver. Techniques for blocking endogenous biotin are
available but produce variable results.
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Digoxigenin-labelled probes were first used in the late 1980s to detect
HPV sequences in cultured cells [12]. They have since gained widespread
use in brightfield ISH applications. The advantages over biotin include
increased sensitivity and reduced background staining, as digoxigenin is
not naturally present in human tissue [13]. Digoxigenin can be incorpo-
rated into probes by a number of methods, including random priming,
PCR, nick translation, 3’-end labelling and in vitro transcription, making it
suitable for the generation of cDNA, cRNA and oligonucleotide DNA
probes. These probes can then be visualized in the tissue section using anti-
digoxigenin antibodies conjugated to alkaline phosphatase or horseradish
peroxidise, with appropriate substrates such as 3,3'-diaminobenzidine
tetrahydrochloride (DAB) or 3-amino-9-ethylcarbazole (AEC), to give
brown or red end colours, respectively. To improve the sensitivity of the
reaction an unconjugated anti-digoxigenin antibody may be followed by a
conjugated secondary antibody.

At the same time as digoxigenin-labelled probes were being developed,
fluorescently-labelled probes were gaining widespread use [14]. A variety of
fluorochromes are now available for labelling ISH probes, and advances in
FFPE tissue digestion and pretreatment methods have made these the most
popular probe type in use in the clinical histopathology laboratory.
Fluorescently-labelled probes and antibodies can be used in direct or
indirect ISH methods either singly or in combination with multiple other
probe colours. Most fluorescently-labelled probes can be visualized directly
using a fluorescent microscope with appropriate filters. Background
staining is usually low if pretreatment methods are optimized, and
FISH has the advantage of speed over other ISH methods, which require
the addition of secondary antibodies and subsequent chromogenic
detection.

Q dots are also gaining favour and use as fluorochromes in ISH
techniques. These are fluorescent semiconductor nanocrystals which pos-
sess a number of unique characteristics. Due to the fact that Q dots have
broad absorption bands and narrow emission bands, dots of varying sizes
can be used to tag numerous different targets simultaneously within the
same tissue section. These can then be excited with a single light source of
short wavelength, giving rise to emission spectra of varying wavelengths,
and therefore colours, allowing distinct signal detection. By using an
excitation light source wavelength several hundred nanometres shorter
than that of the emission wavelength, the problems associated with
intrinsic fluorochrome autofluorescence are minimized. Q dots are also
resistant to photobleaching and exhibit a photostability 1000 times greater
than conventional fluorochromes such as fluorescein. For a comprehensive
review of this area, see [15].
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More recently the development of dual-colour chromogenic detection
methods has expanded the diagnostic applications of tissue ISH, making it
possible to locate more than one gene in a single section without the need
for sophisticated fluorescent microscopy facilities.

6.4 ISH detection systems

In situ hybridization using fluorescently-labelled probes does not require a
detection system and the reaction can be viewed under the fluorescent
microscope with appropriate filters. Immunocytochemistry detection
systems are used for the visualization of all other nonradioactive probes.
Systems based on alkaline phosphatase-labelled antibodies with nitro-
blue tetrazolium, 5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP) as
the chromogen produce a blue/black colour at the site of hybridization. The
requirement for aqueous mounting of such sections is a disadvantage.
The use of horseradish peroxidase-labelled antibodies with DAB as the
chromogen produces a permanent brown colour. Although fluorescently-
labelled probes do not require further detection, anti-fluorochrome
antibodies can be used to convert the fluorescent label to an immunobhis-
tochemically-detectable tag, making it possible to visualize the hybridiza-
tion site under brightfield microscopy.

6.5 Tissue preparation and the ISH procedure

The in situ hybridization technique can be applied to a variety of cellular
materials, from cell suspensions and touch preparations (Chapter 2) to
tissue sections. Optimization of fixation and processing protocols for these
samples is essential to ensuring consistency and validity of results. The use of
cell suspensions, touch preparations or fresh-frozen sections produces the
best results as there is less degradation of the target sequences of interest
compared with fixed tissue. However, quite often the only material available
for study is fixed and paraffin-wax embedded. The advantage of using this
material is that numerous ISH experiments using a variety of probes can be
performed on sequential sections from the same tissue block. Studies can
also be carried out retrospectively on archived material. The disadvantage of
using this material is the degradation of the target sequence, in particular
RNA targets. Therefore tissue samples should be fixed as rapidly as possible
post-mortem, or when the tissue sample is obtained.

The fixative of choice in most laboratories is 10% formalin. Formalin is a
37% aqueous solution of the gas formaldehyde. It acts on protein residues
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and traps DNA and RNA targets in a meshwork of cross-linked methylene
bridges (Chapter 4). For a comprehensive review of the fixation effects of
various fixatives on DNA and RNA, see [16]. Other fixatives, such as
Bouins, are less commonly used and should be avoided for ISH applications
as preservation of nucleic acids is suboptimal.

The optimum fixation time for tissues trimmed to processing dimen-
sions is thought to be 24—48 hours. Successful hybridization experiments
have been achieved with tissue samples fixed for considerably longer time
periods than this, but modifications to the standard technique (digestion
times and proteolytic enzyme concentration) are usually required. Pro-
longed fixation times result in extensive protein cross-linking, making the
target nucleic acid less accessible.

Following fixation, the tissue sample can be processed to paraffin wax
through a graded series of alcohols and clearing agents. This procedure is
automated in most laboratories and results in a tissue sample infiltrated
with molten wax, which is subsequently embedded in a mould and the wax
allowed to solidify. Once processed the optimum thickness for tissue
sections for ISH procedures is approximately four microns. Some trunca-
tion of nuclei will be evident in sections of this thickness but this usually
does not cause problems in the interpretation of results. Due to the harsh
nature of the procedure (use of heat, alkali/acids, detergents, proteolytic
enzymes, etc.), detachment of sections from the glass slide can present a
problem. This can be largely overcome by the use of electrostatically-
charged slides, which can be purchased commercially or produced in-
house by coating the slides with poly-L-lysine or 3-amino-propyl-
triethoxy-silane.

After sectioning and removal of wax from the tissue it must be treated to
unmask the target DNA/RNA. Proteolytic enzymes such as proteinase K,
pepsin and pronase are most commonly used to carry out this task.
Optimization of time, concentration and temperature is usually required,
depending on the amount of target present in the section and the length of
fixation of the tissue sample prior to processing. The corollary to this
however is that over-digestion can lead to loss of target, so this step in
particular must be strictly controlled. The degree of digestion can be
checked during the procedure by staining the tissue with DAPI and
examining it under the fluorescent microscope for evidence of over- or
under-digestion.

After unmasking the target sequence it must be denatured (if double-
stranded) prior to hybridization. This usually involves exposing the tissue
to heat or a strong base such as sodium hydroxide. The probe, if double-
stranded, must also be denatured. Following separate denaturation of
target and probe, the binding of probe to target occurs due to the
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interaction of complimentary base pairs; guanine (G) to cytosine (C) and
adenine (A) to thymidine (T), or uracil when the target is RNA. Factors
which affect the strength of the bond between the target and the probe
include the presence of monovalent cations, organic solvents, the G/C
content and heat. Monovalent cations (supplied by standard sodium citrate
(SSC)) are positively-charged ions that help to reduce the repulsive forces
associated with the negatively-charged nucleotides. Organic solvents such
as formamide act by destabilizing hydrogen bonds, thereby allowing hybrid
separation and reannealing to occur at lower temperatures. Due to the
presence of three hydrogen bonds in the G/C complex, as opposed to two in
the A/T complex, the higher the concentration of G/C the more stable the
hybrid and the less likely it is to dissociate.

Following hybridization, which for convenience is usually carried out
overnight (at 37-55°C), stringency washes are necessary to remove any
noncomplementary strands that may have loosely bound to one another.
Increased stringency is achieved by decreasing the salt concentration and/
or increasing the temperature of the stringency wash solution. Detection or
visualization of the bound probe is dependent on the reporter molecule
(isotopic or non-isotopic) linked to the probe and is described above.

6.6 Signal amplification

The problems associated with the lack of sensitivity of non-isotopic versus
isotopic ISH were addressed to a certain extent when signal amplification
techniques were developed. The technique is based on the catalysed
deposition of labelled tyramine by horseradish peroxidase, at the site of
probe binding. Tyramide signal amplification (TSA), catalysed signal
amplification (CSA) and catalysed reporter deposition signal amplification
(CARD) are all synonymous and based on the amplification method first
described by Bobrow [17]. Biotinylated tyramine is deposited on to
electron-rich moieties such as tyrosine and tryptophan at or near the site
of bound horseradish peroxidise-labelled probe. The biotin on the tyra-
mine acts as future binding site for streptavidin-biotin complexes or
enzyme- and fluorochrome-labelled streptavidin. This amplification step
results in an approximate 100-fold increase in sensitivity, leading to
detection of targets of low copy number in cells. Fluorochrome-labelled
tyramide amplification can also be used for fluorescent-based methods,
and tyramide amplification combined with the use of Q dots has also been
reported [18].

The indiscriminate amplification of signal contributes to one of the
disadvantages associated with this technique. The method does not
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distinguish true target/probe binding from nonspecifically-bound probe
and therefore, if not removed with post-hybridization stringency washes,
the nonspecifically-bound probe will be amplified, leading to an increase in
signal-to-noise ratio (background). Endogenous peroxidases within the
tissue, if not removed, may also catalyse the deposition of the labelled
tyramide, resulting in nonspecific signal amplification. All things consid-
ered however, amplification techniques present an efficient and highly-
sensitive method for low-copy-number nucleic acid target detection, and
they have been used in viral particle detection, combined ICC and ISH and
multi-target FISH.

6.7 ISH controls

The use of tissue and probe controls is essential to guarantee the sensitivity
and specificity of the ISH reaction. The inclusion of appropriate controls in
the experimental procedure provides evidence that the probe is binding
selectively to the target and not to other closely-related sequences within
the tissue. It can also highlight problems with the experimental protocol or
preservation of nucleic acid sequences within the tissue itself.

All ISH experiments should include, where possible, a section from a
piece of tissue known to contain the target sequence of interest (positive
tissue control). This tissue should ideally be fixed and processed in a
similar manner to the tissue of interest. If there is no staining present,
this suggests there is a problem with the probe or ISH procedure. The
use of probes to housekeeping genes, such as actin, should also be
included in the experiment to ensure the efficacy of the procedure and
the preservation of nucleic acid sequences within the tissue (positive
probe control). In mRNA ISH experiments a poly(dT) probe to detect
total mRNA poly A tails should be used. A weak or absent signal with
this probe suggests poor preservation of mRNA within the tissue. An
effective method to test the specificity of the hybridization reaction is to
digest the tissue with DNases or RNases prior to incubation with the
probe of interest (negative tissue control). The absence of staining in the
digested versus undigested section shows the specificity of the binding
reaction. The use of ‘nonsense’ probes, or in the case of mRNA ISH,
sense probes, can give a measure of the extent of nonspecific binding
within the tissue of interest (negative probe control). In any ISH
experiment the quality of the result obtained is only as good as the
quality of the controls (positive and negative) used.

Another form of quality control exists for clinical diagnostic laboratories
performing ISH testing. External quality assessment enables unbiased
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monitoring of the performance of laboratories in the detection of specific
diagnostic markers. The United Kingdom National External Quality Assur-
ance Scheme for Immunocytochemistry and In Situ Hybridization (UK
NEQAS ICC & ISH) organization (see Chapter 4)was set up in 2004 to audit
laboratories’ analytical and interpretative performances for the HER-2
assay. Three times per year, UK NEQAS ICC & ISH circulates unstained
sections prepared from a block containing four control cell lines with
different levels of HER-2 gene expression. Participating laboratories are
asked to stain and score the sections with their in-house ISH method. Scores
are returned to UK NEQAS ICC & ISH and the results are measured against
those obtained by a group of eight reference laboratories. Participating
laboratories are thus able to assess whether their results are comparable with
those of others. On a quarterly basis a journal is circulated to participating
laboratories, offering information on best methods for performing the assay.
External quality assurance programmes such as this should be a key
component of any centre providing a diagnostic ISH service.

6.8 Clinical applications of tissue ISH

The deciphering of the human genome, in combination with recent devel-
opments in nucleic acid-based testing, has positioned tissue ISH as a central
tool in diagnosis and predictive therapy. Molecular diagnostics including
tissue ISH are widely used in the areas of inherited genetic disorders and
infectious diseases, as well as haematologic and solid tumours. In addition,
tissue ISH has a role to play in guiding appropriate therapy.

6.8.1 Solid tumours

The generally accepted model of tumourigenesis is one of genetic and epi-
genetic alterations that activate oncogenes and inactivate tumour-suppressor
genes. Most solid tumours exhibit a marked degree of chromosomal instabil-
ity, and different cells within a tumour can exhibit significant chromosomal
variation. Chromosomal alterationsidentified in tumoursincludeaneuploidy
(abnormal number of chromosomes), deletion, amplification and transloca-
tion. These alterations can be detected at the cellular level by FISH. There are
two types of FISH probe used in the analysis of tumours: chromosome
enumeration probes (CEPs) and locus-specific indicator (LSI) probes.

The diagnosis of haematologic malignancies has benefited greatly from
molecular diagnostic testing in the last 30 years but it is only recently that
the application of these tests has started to have an impact on the diagnosis
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(b)

Figure 6.1 The application of FISH to lymphoma and central nervous system tumour
diagnosis: (a) mantle cell lymphoma showing the characteristic t(11;14). A breakapart
probe identifies cells with one fusion signal (overlapping red and green) and two separate
red and green signals (arrows), indicating a chromosomal breakpoint; (b) an oligoden-
droglioma showing cells with a 1p36 (red) deletion (arrows)

of solid tumours. Interphase FISH is used to detect t(11;14), characteristic
of mantle cell lymphomas (Figure 6.1a), producing a fusion of the CCND1
gene and the immunoglobulin-heavy chain locus. This results in the
overexpression of the cyclin D1 protein, which can be detected by ICC.
Thus serial sections from the same FFPE sample can be used for morpho-
logical assessment by H&E, ICC analysis for cyclin D1 protein and FISH
analysis for the characteristic translocation, to provide a definitive diag-
nosis of this particular tumour. Another useful application of tissue ISH is
the detection of kappa and lambda mRNA to establish evidence of
monoclonality in a suspected case of lymphoma.
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As with other subspecialties of pathology, tissue ISH is beginning to play
an important role in surgical neuropathology. Unlike many haematologic
and soft-tissue tumours, brain tumours are not characterized by signature
translocations and fusion products. The main genetic alterations include
chromosomal/gene gains/losses. An example of a FISH assay in use in
neuropathology is the detection of the 1p (Figure 6.1b) and 19q deletions
for prognosis and therapeutic guidance in oligodendrogliomas [19]. These
tumours behave less aggressively than astrocytomas, with a slower pro-
gression and subsequent longer patient survival. The response to therapies
such as PCV (procarbazine, CCNU, vincristine) makes it important to
identify this tumour type. FISH studies have shown 1p and 19q co-
deletions in up to 90% of oligodendrogliomas [20].

Amplification of the HER-2 gene occurs in more than 20% of breast
carcinomas and is associated with a poor outcome [21]. With the devel-
opment of an effective humanized monoclonal antibody treatment for
breast carcinomas overexpressing the HER-2 protein it has become neces-
sary to assess the gene and protein status to identify those patients that will
benefit from this. The evaluation of HER-2 gene amplification in breast
carcinoma is the best example of a molecular assay used to guide therapy.
Cases for HER-2 FISH analysis are chosen on the basis of the immunohis-
tochemical assessment of the HER-2 protein. Equivocal cases (those
scoring 2+ with the HercepTest method) are usually referred for confir-
matory FISH testing. The most common form of this assay uses a
combination of a centromeric chromosome 17 probe labelled with one
colour (usually fluorescein/spectrum green) and an allele-specific probe for
the HER-2 gene labelled with a second colour (usually Texas red/spectrum
orange). A normal non-amplified cell is identified as having two green and
two red signals (a ratio of 1), whereas a breast cancer cell displaying HER-2
gene amplification shows four or more red and only two green signals
(a ratio of 2 or more). The rationale for FISH testing in 24 breast cancer
cases is that only a proportion (17-25%) of these will demonstrate HER-2
gene amplification and likely benefit from the targeted treatment (Hercep-
tin). The advantage of HER-2 FISH over HER-2 ICC in assessing borderline
cases lies in the objectivity of a simple coloured dot-counting method
compared to a subjective measure of cell membrane-staining extent and
intensity (Chapter 4). In recent years a number of alternative techniques,
including SISH and dual-colour chromogenic ISH (Duo-CISH), have been
developed to detect HER-2 gene amplification (Figure 6.2).

The identification of characteristic gene rearrangements associated with
many soft-tissue tumours has led to the development of diagnostic probe
sets that can be used on FFPE material. These tumours can be diagnosed
with molecular methodologies such as PCR and RT-PCR, but more and
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Figure 6.2 ISH detection of HER-2 gene amplification in breast cancer: (a) FISH showing
chromosome 17 centromere (green) and multiple copies of the HER-2 gene (red); (b) SISH
showing HER-2 gene in black; (c) Duo-CISH showing chromosome 17 centromere (blue) and

HER-2 gene (red)
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more laboratories are using FISH as the first-line diagnostic test as it has the
advantage of preserving the morphology of the sample. For example, the
detection of the EWS/FLI1 fusion gene produced by t(11;22)(q24;q12) is
used to diagnose peripheral neuroectodermal/Ewing sarcoma [22].

The detection and treatment of bladder cancer is challenging and the
prognosis for the patient in terms of disease-free survival, morbidity and
quality-of-life issues depends greatly on diagnosing the tumour before it
spreads into the muscle wall. Cystoscopy and urine cytology are the
traditional diagnostic and screening tools used for this disease, but they
exhibit variable sensitivity and specificity. In 2000, a multicolour FISH
probe set for the detection of bladder cancer in voided urine was devel-
oped [23]. The probe set (UroVysion-Abbott Molecular Inc, Des Plaines,
USA) contains CEP probes for chromosomes 3, 7 and 17 (labelled with red,
green and aqua, respectively), and an LSI probe (labelled with gold) to the
9p21 region, which together detect the most common aneuploidies occur-
ring in bladder cancer. A scoring system was devised, with a positive result
recorded when >4% of 100 counted cells showed at least four signals of any
CEP probe or >12% of 100 counted cells showed one signal or less of probe
9p21 [24]. This four-target, multicolour FISH approach has resulted in a
sensitivity of 92%, compared to 76% for cytology on the same specimens.
FISH analysis of cells isolated from bladder washings or voided urine also
holds promise for predicting recurrence and progression of the disease and
monitoring treatment outcomes.

Table 6.1 highlights examples of solid tumours where tissue ISH has a
role to play in diagnosis/predictive therapy.

6.8.2 Infectious agents

DNA and RNA ISH are very useful for the detection of infectious agents in
tissue sections. ISH methods can be used to detect bacteria including
Helicobacter pylori and Mycoplasma pneumoniae [25,26]. However, ISH is
more frequently used to detect viral infections associated with human
diseases such as human immunodeficiency virus (HIV), cytomegalovirus
(CMV), human papillomavirus (HPV; Chapter 2), herpes simplex virus
(HSV), hepatitis B virus (HBV) and Epstein-Barr virus (EBV). HPV probes
specific for low- and high-risk subtypes are now widely available to identify
the HPV types associated with neoplastic development (Figure 6.3a) [27].
EBV infections are found to be associated with tumours including Burkitt
lymphoma, Hodgkin disease and nasopharyngeal carcinoma. RNA ISH
with oligonucleotide or riboprobes has proven successful in detecting latent
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Table 6.1 Examples of chromosomal and genetic targets for ISH testing of solid
tumours

Tumour Type Genetic Signature Reference
Lymphoma [40]
Mantle cell t(11;14)(q13;q32)
Follicular t(14;18)(q32;q21) and +3
MALT t(11;18)(q215q21), +3, +7, +12 and +18
Sarcoma [41]
Ewing sarcoma/PNET t(11;22)(q24;q12)

t(21;22)(q22;q12)

1(7:22)(p22:q12)

t(2;22)(q33;q12)

t(17;22)(q12;q12)

inv(22)
Synovial sarcoma t(X;18)(pll;qll)
Clear-cell sarcoma t(12;22)(q13;q12)

Alveolar rhabdomyosarcoma t(2;13)(q35;q14)
t(1;13)(p365q14)

Central Nervous System [42]

Diffuse astrocytomas 7,9, 10q, 19q

Oligodendroglial tumours 1p, 9p, 10q, 19q

Ependymomas 1q, 6q, 18, 22q

Embryonal tumours 17, 10q, 22

Meningiomas 1p, 14q, 17923, 18, 22q, NF2

Prostate Cancer Overexpression of AMACR and Hepsin [43]
Mutations of KLF-6 and PTEN

Breast Cancer Amplification of HER-2 [21]

EBV infection. EBV-encoded small RNAs (EBERs) are expressed at very
high copy numbers in latent infection and can now be detected in a fully-
automated setting in archival FFPE material (Figure 6.3b).

ICC remains the most useful technique for studying the phenotypic
expression of a particular cell population, due to the availability of an
extensive range of antibodies, detection systems and automated equip-
ment. In the analysis of secreted proteins, such as cytokines/chemokines,
ICC is of limited use in determining the cell of origin, but RNA ISH has
been used successfully to study the spatial expression patterns of such RNA
transcripts [28]. There are other examples where RNA ISH can be em-
ployed in this manner, and indeed as a validation tool for confirming
the results of an ICC experiment RNA ISH has proved very useful
(Figure 6.4).
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Figure 6.3 The application of ISH to the detection of viralinfections; (a) DNA CISH using a
biotinylated HPV6/11 probe showing HPV 6/11 infection (red) in a squamous papilloma
from the larynx; (b) RNA CISH using a fluorescein-conjugated EBER probe demonstrating
latent EBV infection (brown) in a nasopharyngeal carcinoma

Another useful application of RNA ISH is in the identification of cells
containing uncharacterized gene transcripts. The elucidation of the human
genome has provided information on thousands of mRNAs, of which the
functions of many are unknown. The speed of gene-specific riboprobe
generation — in comparison to the months it might take to produce a
sensitive and specific antibody — gives RNA ISH the edge when it comes to
providing clues to the functions of these genes. In addition, RNA ISH is
useful in confirming the results obtained by differential gene expression
techniques [29].
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(b)

Figure 6.4 mRNA ISH used to support the results of IHC; (a) mRNA ISH using a DIG-
labelled probe to demonstrate matrix metalloproteinase-9 mRNA (blue-black) in a cutane-
ous squamous cell carcinoma; (b) matrix metalloproteinase-9 protein expression (brown)
demonstrated by IHC in a serial section of the same sample

6.9 ISH automation

The ISH experimental procedure in the manual format is technically
challenging, extremely labour-intensive and prone to human error. With
an ever-increasing workload, diagnostic molecular laboratories are re-
quired to move faster and more efficiently to meet demands. By automating
some or all of the steps in an ISH procedure, accurate control of critical
parameters such as temperature, pipetting volume and incubation times
can be achieved, leading to high throughput and analysis of many genes
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simultaneously. An array of semi- and fully-automated systems, from
sample processing to results enumeration, is now available.

Certain steps of the ISH assay can be individually automated with
modular pretreatment and denaturation/hybridization systems. The VP
2000 processor (Abbott) performs slide dewaxing and pretreatment steps
prior to probe hybridization using preprogrammed protocols. The
ThermoBrite system (Abbott) is a slide-heating station that holds up to
12 slides and provides 40 user-programmable settings. The Hybaid
OmniSlide In Situ Thermal Cycler system (Thermo Scientific) is a
modular slide-hybridization and in situ PCR system. It is designed to
allow the processing of up to 20 slides simultaneously. Slides for ISH can
be processed through incubation and stringency washing.

Currently there are only a few instruments that provide full automation
of the ISH procedure including section dewaxing, pretreatment, hybrid-
ization, post-hybridization, and stringency washes and counterstaining.
The Xmatrx system (Abbott Laboratories) can process 40 slides at a time
and fully automates all FISH assay steps, including the application and
removal of coverslips. The BenchMark XT and Discovery XT systems
(Ventana) can process IHC and ISH/FISH tests independently or simulta-
neously. Protocols can be optimized, with flexible options including
extended incubation times and varying temperature settings. The Bond
system (Leica Microsystems) is a fully-integrated IHC and ISH station.
Each station has a 30-slide capacity split into three independent trays for
continuous processing. The GenePaint system (TECAN) uses flow-
through chamber technology to automate the steps required for perform-
ing ISH/FISH or IHC on cells or tissues.

6.10 Image capture and analysis

A number of digital cameras are available for both brightfield and
fluorescent microscopy that provide high resolution with multi-function
software to optimize real-time image acquisition and subsequent image
analysis.

The VIAS system (Ventana) can integrate real-time image capture and
quantitation of positive cells in brightfield applications. The system can
shift between computer-assisted image analysis and routine microscopy to
aid the user in detecting, classifying and counting cells of interest. The
iVISION Automated Digital Imaging system (Biogenex) is an automated
image analysis system that enables users to capture and quantitate images in
THC and ISH applications.
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6.11 Recent developments and future directions
in tissue ISH

Over the last decade, ISH has emerged as a powerful clinical and research
tool for the assessment of DNA and RNA within interphase nuclei in tissue
sections. Improved hybridization protocols, along with extensive probe
availability resulting from the Human Genome Project, have shifted the
focus from a morphology-based diagnostic approach to one which in-
corporates both morphologic and molecular characteristics. However, new
and improved methodologies are constantly being described.

6.11.1 Dual-colour chromogenic ISH

Although dual-probe FISH is gaining in popularity as a clinical diagnostic
tool, it has yet to be completely embraced by the pathology community as it
is time-consuming and requires specialized equipment and expertise. The
enzymatic detection of two separate probe-target hybrids is now a viable
alternative to fluorescent dye detection in DNA in situ hybridization. The
method, known as dual-colour chromogenic in situ hybridization
(dcCISH), is based on peroxidase- or alkaline phosphatase-labelled reporter
antibodies that are detected using a standard immunohistochemical enzy-
matic reaction [30]. The advantage of CISH over FISH is that it allows the
simultaneous examination of tissue morphology and hybrid signals under
brightfield microscopy. In addition, CISH-stained slides can be stored at
room temperature with minimal loss of signal intensity over time.

The dcCISH technique is a modification of the standard dual-probe FISH
technique where hybridization is followed by immunohistochemical detec-
tion of the hybrid signals (Figure 6.5). Probes can be labelled with biotin or
digoxigenin, or with fluorochromes such as FITC or Texas red. Following
hybridization the probe labels are detected with enzyme-conjugated mouse
and rabbit antibodies and an enzymatic reaction with appropriate chromo-
gens and substrates leads to the formation of strong permanent colours
(usually red and green) that can be visualized using a X40 objective.

Although FISH can be used for the identification of gene gains, losses,
translocations and amplifications, CISH is currently best suited for the
identification of gene amplification and high-level gene copy-number
gains [31]. It is possible to generate FISH/CISH probes within the labora-
tory for any genomic region of interest but numerous probes suitable for
CISH analysis are now commercially available, including gene-specific
probes for HER2, EGFR, CCND1 and TOP2A.
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Figure 6.5 Dual-colour chromogenic ISH. Fluorochrome (e.g. Texas red and FITC)-bound
probes are hybridized to the target DNA (1). A cocktail of AP-conjugated anti-Texas red and
HRP-conjugated anti-FITC antibodies are used to detect the hybrids formed (2). Incubation
with an AP-compatible substrate followed by an HRP-compatible substrate (3) provides
contrasting colours that can be visualized under brightfield microscopy

6.11.2 Locked nucleic acid for miRNA detection

MicroRNAs (miRNAs) are a class of small (~22 nt) noncoding RNAs that
post-transcriptionally regulate mRNA expression of protein-coding
genes [32]. There are over 690 human miRNA sequences recorded in the
miRBase Registry up to September 2008. There is growing evidence that
miRNAs play an important role in the control and function of a number of
biological processes such as development, differentiation, cell proliferation,
apoptosis, metabolism and proliferation. miRNAs have also been impli-
cated in viral infections, cardiovascular disease and the pathogenesis of
cancer. The detection of disease-specific miRNAs could represent the next
step in tumour classification and provide a target for possible therapeutic
intervention.

The reliable analysis of spatial and temporal miRNA accumulation at the
tissue and cell/subcellular levels is essential for the precise understanding of
miRNA-mediated processes. The detection of miRNAs by ISH is a relatively
new area and by using locked nucleic acid (LNA) nucleotide-containing
probes hybridization to short nucleic acids with high specificity can be
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achieved. LNA oligonucleotides are RNA analogues with high affinity for
their complementary DNA or RNA targets [33]. LNA is an RNA-derivative
nucleotide analogue in which the ribose sugar ring is fixed in a rigid
conformation by a methylene bridge. In FISH analysis, LNA-incorporated
oligodeoxynucleotide probes (LNA/DNA probes) have been successfully
applied to FFPE and frozen tissue samples [34,35].

6.11.3 FICTION

The FICTION (Fluorescence Immunophenotyping and Interphase Cyto-
genetics as a tool for the Investigation of Neoplasms) technique was
developed in 1992 [36] to allow the simultaneous detection of immuno-
phenotypic markers and genetic aberrations in cell preparations. The
original technique was restricted by the number of fluorescent dyes
available and the quality of digital imaging. However, improvements in
tissue pretreatment methods and the availability of many new fluorescent
dyes have seen it used on FFPE material for the analysis of lymphoma [37]
and detection of the presence of minimal residual disease [38].

6.11.4 The Allen Brain Atlas

The Allen Brain Atlas (ABA) is a genomic-scale ISH project that has
generated a cellular-level gene-expression profile of the adult C57BL/6]
mouse brain and spinal cord [39]. This project has used high-throughput
CISH with DIG-labelled riboprobes and tyramide amplification to detect
mRNA transcripts in tissue sections and map them to the different regions
of the mouse CNS. Automated image capture and analysis have provided
quantitative expression data that can be directly compared with available
microarray data sets. The annotated results for over 2000 genes from this
project are freely available. Other similar projects are underway and this
approach to genome-wide transcriptional analysis using ISH and correla-
tion with other genome-scale expression-profiling platforms will provide
valuable insights into the organization and function of normal and
abnormal cells and tissues.

6.12 Conclusions

Itis almost 40 years since the first description of the ISH technique. It is now
the assay of choice for localization of specific nucleic acid sequences in
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tissue sections. Over the years, various methodologies and a number of
technical advances to optimize the detection of DNA and RNA have
enhanced the application and effectiveness of ISH. These include the
introduction of high-sensitivity detection systems, improved target-
exposure methods, refinement of protocols for co-localization of several
targets in the same tissue section, and automated data collection and
analysis. Tissue ISH is playing a more and more important role in unravel-
ling the complexity of cancer genetics. With the projected increasing
availability of targeted therapies for tumours harbouring specific genetic
alterations it is envisaged that tissue ISH will be one of the key molecular
assays for accurate patient selection. What remains to be seen is how the use
of this technology in the molecular analysis of tissue samples will impact
how we detect, diagnose and alter the course of genetic pathology.
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