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THESIS SUMMARY 
 

This project has been motivated by the gap that currently exists in the 

diagnostic methods used to assess genetic changes of clinical importance in 

haematological malignancies (HM). Chronic lymphocytic leukaemia (CLL) is a 

heterogenous mature B-cell neoplasm and the most common leukaemia in the 

Western World. The World Health Organization classifies CLL and other HM based 

on a combination of cell morphology, immunophenotype and genetic features. The 

clinical management of CLL requires an integrated diagnostic workup based on these 

three features: diagnosis is verified first by morphological examination on blood 

smears, then confirmed with cell immunophenotyping by flow cytometry and 

prognostication is achieved by cytogenetic stratification.  

Fluorescence in situ hybridisation (FISH) is the gold standard test used for the 

detection of chromosomal abnormalities in CLL that guide risk-adapted clinical 

management i.e. del(17p) cases require therapy beyond that of standard of care. FISH 

is utilises fluorescently labeled DNA probes that bind to specific chromosomal 

regions. This is generally performed as a manual test on intact cells on slides (i.e. 

smears, tissue sections). It is labor intensive, time-consuming and thereby precludes 

the analysis of large numbers of cells (i.e. only 100-200 cells). Although this may be a 

sufficient number at diagnosis when the majority of cells are neoplastic, it is not 

suitable for ongoing disease monitoring following treatment. The detection cut-off of 

1 abnormal CLL cell in 20 normal cells (5-7% sensitivity) is unsuitable for early 

detection of residual disease or the study of rare, clinically significant del(17p) sub-

clones implicated in refractory or high-risk disease relapse. 

Imaging flow cytometry (IFC) is a cutting-edge technology that integrates 

flow cytometry with digital microscopy to produce high-resolution digital imaging 

with quantitative analysis. The ability to visualise, localise and rapidly quantify 

fluorescent signals in all cells has been shown to be valuable in research with 

emerging diagnostic value for the assessment of leukaemia. My aim was to develop a 

high-throughput IFC method that integrates FISH with immunophenotyping on cells 

in suspension in a single automated test suitable for clinical application (“immuno-

flowFISH”). To achieve this, I chose to the first develop the method on normal 
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healthy blood and then prove the concept on diagnostic Chronic lymphocytic 

leukaemia (CLL) samples where trisomy 12 and del(17p) chromosomal abnormalities 

predict prognosis. 

The development of immuno-flowFISH required extensive optimisation as 

DNA denaturation protocols required for FISH significantly damage cells, cell surface 

antigens and the fluorophore conjugates used for their detection. Therefore, a range of 

flow cytometry and FISH techniques were explored: cell fixation & permeabilisation, 

DNA denaturation, probe hybridisation conditions and review of antibody and probe 

combinations. The optimal regimen consisted of staining of cell suspensions with 

CD3, CD5 and CD19 antibodies conjugated to fluorochromes (BV480, AF647, 

BB515, V500c); then fixation & permabilisation and DNA denaturation with acid. 

FISH probes to chromosomes 1, 12 (CEP12) or 17 (CEP17) and 17p12 were added 

and hybridised. Nuclei were stained with SYTOX AADvanced. Data for up to 20,000 

cells was collected on the ImageStreamX Mark II imaging flow cytometer (Amnis, 

Merck Millipore, Seattle, USA). Digital images (x60) and quantitative data were used 

to assess morphology and FISH probe “spots” in cells with visualisation using the 

IDEAS software. This enabled reliable automated FISH assessment on thousands of 

intact cells identified by immunophenotype (i.e. lymphocytes) in a single test.   

The optimised protocol was applied to diagnostic trisomy 12 and del(17p) 

CLL cases (n = 60). CLL cells were identified by CD5+/CD19+/CD3- 

immunophenotype and sixteen percent (8/50) of cases had three CEP12 spots (+12) 

signals in cells with the CLL immunophenotype. The number of cells with +12 

ranged from 0.1-45.5%. Ten percent (5/50) of cases had one 17p spot signal ranging 

from 3.5-22.8% cells with the CLL immunophenotype; all cells had 2-spots for 

CEP17. The remaining 42/55 cases had 2-spot patterns for CEP12, 17p and CEP17 in 

CLL, normal B- and T-cells. All cases were 100% concordant with pre-treatment 

conventional FISH results. The data demonstrates immuno-flowFISH is a powerful 

integrated morphology-immunophenotype-genotype method that can analyse large 

numbers of cells. This significantly increases the accuracy and sensitivity of detection 

of chromosomal abnormalities over manual slide-FISH. This may overall offer 

significant advancements to the clinical assessment and management of HM. 
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Chapter 1: Introduction 
 

1.1 Introduction to Haematological Malignancies 

 

The World Health Organisation (WHO) defines and classifies tumours of the 

haemopoietic and lymphoid tissues (i.e. haematological malignancies) as tumours that 

affect the blood, bone marrow, lymph, and lymphatic system [1-8]. Haematological 

malignancies (HM) represent the fifth most prevalent type of cancer and the second 

leading cause of cancer-related death in the world. These encompass tumours of 

lymphoid, myeloid, histiocytic and dendritic cell lineages as classified by the WHO 

[1-3, 6, 7]. The general feature of HM is high proliferation and/or accumulation of 

large numbers of abnormal haemopoietic cells in the blood, bone marrow and lymph 

nodes but may also involve any organ (e.g. brain, spleen, liver, gastrointestinal tract, 

gonads and other solid tissues). The main entities of HM are “leukaemia” which arise 

from the blood or bone marrow, “myeloma” which develops in the bone marrow and 

“lymphoma” which manifests in a solid tissue site. Many leukaemias are leuokocyte 

derived; classified as acute or chronic and by the lineage of the affected cell (e.g. 

lymphoid or myeloid) [2, 5-7, 9]. Malignant myeloma cells such as in Multiple 

Myeloma are derived from immunoglobulin producing plasma cells (i.e. differentiated 

B-lymphocytes) [2, 5-7, 9]. Rare forms of leukaemia can also manifest from erythroid 

cells (i.e. red blood cells) such as erythroleukaemia [2, 5-7]. Lymphomas develop 

from lymphoid cells (i.e. lymphocytes) which may affect any tissue site and are 

classified as Hodgkin Lymphoma (HL) or non-HL. The non-HL have some biological 

similarities with leukaemias. From this it can be seen that HM are an extremely 

heterogeneous and complex group of diseases. The diagnosis and sub-classification of 

each entity requires a multi-parameter assessment of clinical, morphological and 

biological features as reviewed by the WHO [1, 2, 5-7, 10, 11]. Many disease entities 

are identified by routine morphologic approaches but precise knowledge of the 

immunophenotype and molecular genetics/cytogenetics plays a pivotal role that drives 
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the process of discovery, identification and prediction in the diagnostic criteria and 

clinical management for many HM [1-7, 10-15]. 

 

1.1.1 Leukaemia 

Leukaemias arise from the blood forming tissues that predominantly affect 

lymphoid or myeloid cells (i.e. leucocytes) and in some rare cases erythroid cells (i.e. 

red blood cells), the three major blood cell lineages in the blood and bone marrow. 

Collectively they are the 11th most common type of cancer worldwide. It is predicted 

that more than 3,300 people will be diagnosed with a form of leukaemia in Australia 

each year. They are generally classified as “acute” or “chronic” depending on the 

stage of cell differentiation at which the neoplasm arose and this has implications on 

the speed and duration of disease progression [1, 3, 5-7, 9]. Acute leukaemia involves 

early progenitor cells (blasts or immature cells) and is characterised by rapid disease 

progression if untreated. Chronic leukaemias are also derived from a clonally-

defective early cell, however these retain the capacity to differentiate into and 

resemble mature end stage cells with some degree of functional competence [3, 5-7]. 

Cell proliferation occurs slower and the disease progresses over a longer period of 

time for chronic leukaemias. Like most other HM, leukaemias are characterised by 

significant biological and clinical heterogeneity at multiple levels that include 

morphological, phenotypic and genetic features [1, 2, 6]. Treatment of leukaemia 

requires stratification of these diverse parameters with assessment at clinical 

presentation to define disease subtype and guide clinical decision-making and clinical 

outcome. Therefore treatment may involve a combination of chemotherapy, radiation 

therapy, targeted therapy and bone marrow (BM) transplantation depending on 

diagnostic and prognostic criteria, with routine follow-up assessment of treatment 

response (i.e. disease monitoring) [3, 6-11, 16-22]. 

 

1.2 Diagnostic Approach for Haematological Malignancies  

 

The paradigm for study and diagnosis of HM is complex and rapidly evolving. 

For the past 40 years, the assessment of HM has undergone significant evolution and 
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reappraisal, from traditional descriptive approaches based on cytologic (i.e. 

morphology) and clinical features to the incorporation of a constellation of ‘cutting-

edge’ laboratory based biological techniques [1, 5, 7, 23]. Cell morphology, 

immunophenotyping and cytogenetics have proven to be indispensable techniques for 

HM assessment and characterisation [2, 4, 5, 12, 15]. The importance of these testing 

modalities is evidenced by the significance placed on them in the WHO Classification 

of HM. Based on this classification, there is no single one “gold standard” by which 

disease is defined and assessment of HM requires a holistic work-up. Therefore 

integrated approaches are increasingly being used for the diagnosis and clinical 

management of HM. These may be in single laboratories (e.g. the Haemato-Oncology 

Diagnostic Service [HODS] at the University of Cambridge as shown in Figure 1) or 

by integrating results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Haemato-Oncology Diagnostic Service. Cell morphology, immunophenotyping 

(i.e. using flow cytometry to detect characteristic malignant cell phenotypes) and cytogenetic 

analysis (i.e. using fluorescence in situ hybridisation to detect chromosomal abnormalities) 

are used in disease classification, diagnosis and monitoring of HM. Adapted from Scott MA, 

Erber WN. The integrated approach to the diagnosis of hematological malignancies. In Erber 

WN, editor, Diagnostic Techniques in Hematological Malignancies. United Kingdom: 

Cambridge, 2010[5]. 
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1.2.1. Morphological Assessment  

The advancements of cellular characterisation techniques using state-of-the-art 

protocols and platforms have been immensely beneficial to the clinical assessment of 

HM. Despite these technological advancements, morphological assessment remains 

indispensable even with a growing repertoire of diagnostic tests that push the limits of 

quantitative power and detection capabilities (i.e. sensitivity and specificity) [5, 24, 

25]. Visualising the appearance of blood films with a light microscope alone provides 

the most routine and direct form of diagnostic assessment/evidence of HM that 

precedes all other tests. It is the single most important screening test modality in the 

multi-parameter diagnostic approach (i.e. HODS), as it is the first line of clinical 

assessment that determines whether further ancillary testing is necessary. Many 

abnormal quantitative and qualitative morphological features of blood/bone marrow 

are diagnostic or can generate a provisional diagnosis, triaging further diagnostic 

stratification such as with immunophenotyping and cytogenetic tests [3, 5, 11, 22, 24].  

The principle of morphological assessment centers on the preparation of blood 

films or smears on a glass slide stained with a Romanowsky stain to define cellular 

features (e.g. nucleus and cytoplasm) [1, 3, 5, 7]. The identification of potential 

haematological malignancies is performed with a light microscope at variable 

(increasing) objective magnifications to discern cytological features related to 

individual cells. Traditionally, this requires human examination and reporting by a 

trained clinician or clinical scientist possessing an “atlas” of knowledge on 

morphologically distinct features of disease as defined by the WHO consensus [5-7]. 

These features for review are the background appearance of the blood (e.g. protein 

stains or abnormal agglutinates), the distribution of erythrocytes and leucocytes (i.e. 

all cell types), and the presence of abnormal cells. Abnormal or neoplastic cells can 

generally be identified by distinct morphological features related to the size, shape, 

abnormal staining patterns of the cytoplasm or nucleus and the presence of nucleoli 

[5-7]. Elevated cell counts or counts of specific cell subsets (e.g. lymphocytosis) can 

be confirmed objectively by an automated blood count (e.g. Sysmex blood analyser 

platform) with a full blood picture. Altogether this preliminary review of morphology 

can provide a provisional diagnosis of a HM and can flag appropriate steps in the 

clinical management strategy as well as guide further ancillary testing to confirm 

disease and prognostic outcomes (i.e. forms an integrated report). 
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1.2.2 Multiparameter Flow Cytometry (MFC) 

The development of polyclonal and subsequently monoclonal antibodies 

revolutionised the diagnosis of HM. Initially this was performed by 

immunofluorescence microscopy and immuno-enzymatic methods [4, 5, 14, 15]. The 

development of multiparameter flow cytometers in the 1980s was a dramatic step as 

this enabled large numbers of cells in suspension to be accurately phenotyped. Flow 

cytometry has continued to be modernised leading to multicolour multiparameter 

approaches. Immunophenotyping by multiparameter flow cytometry (MFC) has 

become an indispensable tool in the diagnostic assessment of HM [4, 5, 15, 24-29].  

Flow cytometry enables quantitative high-throughput, multi-parametric 

analysis of cells in suspension derived from fresh blood, body fluids, bone marrow 

aspirates and lymphoid tissue with rapid turnaround time [4, 15, 25, 27]. The principle 

involves the use of a flow cytometer, an instrument that rapidly channels cells in a 

fluid suspension to pass in single file through a finely focused laser beam at an 

appropriate wavelength. The cell momentarily breaks the laser beam, simultaneously 

scattering light and if fluorescently-conjugated antibody is bound, emitting light 

(fluorescence of a specific wavelength) from bound fluorophores [4, 15, 25, 27]. An 

intricate configuration of filters, mirrors and detectors (i.e. photomultiplier tubes) are 

used to collect emitted light (spectrally differentiated) and converted into digital 

information on a cell-by-cell basis. The saved file is analysed by computer software to 

allow for characterisation of each individual cell for a number of parameters [4, 15, 

25, 27].  

The principle of MFC analysis involves the staining of multiple cellular 

antigens specifically expressed on the cell surface, cytoplasm or nucleus (intra-

cellular) with specific fluorescently conjugated monoclonal antibodies [4, 5, 15, 19, 

20, 27, 30-32]. This enables rapid enumeration and quantification of large numbers of 

cell subpopulations of interest based on immunophenotype and differential expression 

levels. Specific immunophenotypic profiles can define cell lineage (e.g. B-lymphoid, 

T- lymphoid or myeloid), clonal expansions, and stage of differentiation. Results that 

include aberrant profiles generated by multiple markers may confer important 

diagnostic and prognostic information (i.e. specific disease entity) reflecting the 

specific neoplastic clonal subsets detected [4, 5, 7, 15, 19, 20, 27, 28, 30-34].  



 6 

In this context, the quantitative multi-parametric capabilities of MFC are 

extremely valuable in disease stratification with the potential for simultaneous 

assessment in excess of eight cellular antigens or disease associated phenotypes 

conferring a detection sensitivity in the range of one cell in 104-6 [15, 25-29, 33, 35, 

36]. The existence of many commercially available fluorophore combinations 

conjugated to antibodies provides diverse possibilities for multi-parametric cellular 

characterisation. A clinically relevant “panel” of specific antibodies detecting for 

specific disease associated phenotypes in HM can range from 2- to 12-colours 

depending on diagnostic context [11, 15, 22, 24, 25, 28, 29, 36]. Diagnosis and 

sensitive disease monitoring (i.e. post-therapy follow-up) of most leukaemias can be 

made with 4-8 colour panels in single or multiple tubes consisting of different 

combinations of cellular markers. Incorporating additional markers (e.g. 10-12 

colours) can further increase detection sensitivity and specificity of MFC analysis in 

specific clinical and experimental scenarios [15, 22, 25, 28, 29]. This can refer to 

minimal residual disease assessment (MRD), where additional prognostic 

stratification and identification of novel therapeutic targets specific to clonally 

stratified neoplastic cells is required [15, 25, 28, 29]. The acquisition of a minimum of 

10,000 total events (per collection tube) also establishes high detection sensitivity (i.e. 

compared to morphological assessment) sufficient to adequately statistically represent 

both normal cells (i.e. internal positive and negative controls) and neoplastic cells for 

characterisation. For MRD testing, acquisition in excess of 50,000 total events (to 

yield minimum of 200 “true-positive” neoplastic cells) generally provides sufficient 

sensitivity (with an appropriate number and combinations of markers) for analysis 

[15, 25, 28, 29].  

A critical feature of modern diagnostic MFC is the software guided 

quantitative “gating” (selection of electronic events) and “compensation” (i.e. for 

spectral overlap) in the identification of specific cell sub-populations of interest. 

Acquired data or digitalised information on each event are represented on bi-colour 

dot-plots or mean fluorescence intensity histograms based on all collected events (i.e. 

cell by cell). The standard analysis software also generates a mathematical 

“compensation” matrix from single-colour controls, used to deduct overlapping 

emission spectra from multiple fluorophores across the detection channels (i.e. from 

signal spilling from one channel to an adjacent channel) prior to analysis. Optimal 
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compensation is essential to adequately quantitatively resolve specific sub-

populations and prevent the detection of false positive (i.e. under compensation) and 

false negative events (i.e. over compensation) in HM diagnostic assessment [15]. 

Gating strategies are critical in the identification and interpretation of specific cells 

and disease. Therefore, gating should be set quantitatively or objectively on the basis 

of positive and negative controls as well as using empirical criteria for robust multi-

dimensional analysis. Non-standardised gating can lead to over exclusion or inclusion 

of events that prevent the resolution of neoplastic subsets. Conventional gating 

strategies for the identification of subpopulations of interest are hierarchal (i.e. order 

is generally based on sequential specificity of markers), with analysis aimed to derive 

absolute cells numbers and percentage proportion on a sub-population basis based on 

the intensity of antigen expression [15, 28, 36]. An example of this gating strategy can 

be the combination of light or physical scatter (e.g. forward scatter for relative size 

versus side scatter for internal complexity) and fluorescence intensity dot-plots (e.g. 

CD45 versus side scatter or CD3 for lymphocytes/T-cells). This system of gating is 

essential, not only in the identification of aberrant marker expression on specific cells 

but also the subtle temporal patterns or the heterogeneous spectrum of antigen 

expression intensities characteristic in many HM and disease subtypes [15, 28, 36]. 

An example of this is the aberrant expression of CD5 and weak expression of CD20 

on neoplastic B-cells in Chronic Lymphocytic Leukaemia (CLL), with CD5 

expression absent and CD20 expression higher on normal on B-cells [11, 21, 22, 24, 

25, 30, 37].  

Standardised, software-guided, criteria driven gating is essential for diagnostic 

precision even for trained personnel (e.g. negate inter-user variability) especially with 

the increasing complexity of analysis involved with utilising multiple phenotypic 

markers to identify very small sub-populations (i.e. MRD sensitivity ranges) [15, 25, 

28, 29, 36]. The extent of application of MFC has necessitated production of 

standardised MFC protocols for diagnostic immunophenotyping of leukaemias by 

major international consortiums such as EuroFlow and the British Society of 

Haematology (BSH and formerly “BCSH”) [15, 28, 29, 36]. MFC is an objective test 

with standardised methodology and interpretation of laboratory data, which allows 

comparison between laboratories and clinical trials to develop consensus on 

neoplastic cell identification and clinical management.  
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1.2.3 Cytogenetics: Fluorescence in situ Hybridisation 

Cytogenetic analysis is another important test that is included in WHO for the 

assessment of HM. From global analysis of the entire genome (i.e. karyotyping of 

metaphase spreads) to high-resolution detection of sub-microscopic genetic changes 

(i.e. interphase fluorescence in situ hybridisation) in whole cells, cytogenetic 

techniques have played an integral role in the understanding of disease, their 

diagnosis and the classification according to WHO defined criteria [5, 12, 14, 34, 38-

42]. Cytogenetic analysis can be used to determine unique genetic aberrations in 

neoplastic clones such as numerical and structural changes in chromosomes, which 

confer diagnostic (e.g. unique aberrations) and prognostic (i.e. risk) outcomes for 

many HM [5, 12, 14, 18, 32, 34, 38-42]. As defined by WHO, cytogenetic analysis as 

part of the integrated diagnostic work-up, can either detect genetic changes that are 

characteristic, and therefore diagnostic, of some disease types or establishes the 

prognostic picture for a range of diseases [1, 6, 7, 39]. 

Fluorescence in situ hybridisation (FISH) is a technique introduced in the late 

1980s and has been the gold standard tool for the detection of the most clinically 

relevant chromosomal abnormalities characteristic in HM, unifying cytogenetics and 

molecular biology [5, 12, 18, 39, 41, 43, 44]. The principle involves the use of 

fluorescently labelled single-stranded DNA probes to hybridise to its complementary 

sequence in the target genome of cells and nuclei on a slide. FISH probes are 

specifically designed oligonucleotides that can identify chromosomal rearrangements, 

deletions, and gains [12, 38-40, 42]. Therefore, FISH is able to detect and enumerate 

specific genetic aberrations associated with individual chromosomes in individual 

cells with greater precision and accuracy compared to karyotyping (i.e. whole 

chromosome painting and G-banding techniques) [14, 39, 42, 45-49]. FISH is usually 

performed on bone marrow samples acquired at diagnosis for HM, however in some 

cases peripheral blood may be used if it is known that the cells of interest are present 

(i.e. CLL) [12, 21, 22, 25]. For metaphase FISH or spreads, cells are cultured and 

stimulated to the late stages of division, fixed in suspension and dropped onto glass 

slides aiming for equitable dispersal. Cell suspensions are then dried and flattened 

onto the glass slides (with potential rupturing of intact cells, leakage and overlapping 

of nuclear content in this process) and then DNA probes are applied for hybridisation 

to target genome [12, 21, 38, 42, 50-53].  
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Advancements to FISH techniques have further permitted the analysis of non-

dividing cells (i.e. interphase FISH) so that specific chromosomal abnormalities can 

be directly visualised in all intact cells [12, 38, 39, 42, 50]. This overcomes technical 

limitations of metaphase spreads such as the dependency of having dividing cells in 

the sample and the FISH techniques can be directly applied to prepared samples (e.g. 

bone marrow aspirates, peripheral blood and paraffin-embedded tissue 

biopsies/sections). The technical process between metaphase and interphase is very 

similar with the major difference of DNA/nuclear denaturation of intact cells at 

interphase (i.e. at G0/G1) to produce single stranded DNA for probe hybridisation 

[12, 14, 39, 42, 47, 49, 54, 55]. Slide preparations and analysis for both techniques are 

essentially identical (i.e. cells dropped, dried and flattened on glass slides for 

hybridisation and analysis). Interphase FISH is now the general preferred cytogenetic 

technique and is particularly useful in clinical scenarios where some neoplastic cells 

have low proliferative index (i.e. in blood or chronic leukaemias), samples with poor 

chromosomal morphology and when conventional cytogenetic tests are unsuccessful 

[12, 39, 47]. Many fluorescently labelled DNA probe combinations are commercially 

available for FISH testing; the three most important types of locus specific probes for 

the detection of chromosomal abnormalities in HM are dual colour break apart 

probes, dual colour fusion probes and copy number probes [12, 39, 47]. Both dual-

colour fusion/break-apart probes are used to detect whole chromosome 

rearrangements such as translocations (e.g. BCR/ABL in Chronic Myeloid 

Leukaemia). Copy number probes, such as centromeric or chromosome enumeration 

probes (CEP), and unique sequence locus-specific probes are used to detect gains (e.g. 

trisomy) and loss (deletions) in genetic material [12, 14, 39, 43, 46, 48, 56, 57]. Due 

to the availability of various fluorophores that can be conjugated to DNA probes, a 

single FISH test can incorporate multiple test probes depending on the fluorescence 

microscope platform configuration and prognostic applications. For example, unique 

sequence locus specific probes are paired with centromeric probes of the same 

chromosome (i.e. 17p locus specific probe with chromosome enumeration probe 

CEP17). This is done so that there is simultaneous analysis of chromosome number 

(e.g. diploidy and aneuploidy) using the CEP probe together with the specificity of the 

locus specific hybridisation. In this way the CEP probes is being used as an internal 

hybridisation control for the host chromosome. This would result in four signals (e.g. 

two green and two red) in a normal diploid cell. In contrast there would be three 



 10 

signals (i.e. 2 green and 1 red) if there is a deletion of a genetic locus or gene on the 

specific chromosome (e.g. del(17p) in CLL).  

Clinical FISH analysis is a manual test performed on glass slides and 

interpreted with fluorescent microscopy by trained and accredited cytogeneticists or 

pathologists. The location and number of fluorescent “spots” (bound probe) per 

counterstained nucleus or morphologically defined cells are determined. Through 

conventional FISH analysis, definitive diagnoses can be made for specific types of 

leukaemia based on the cytogenetic abnormalities (e.g. BCR/ABL translocations in 

Chronic Myeloid Leukaemia) [12, 38, 39, 42]. It has been well established that there 

is a strong link between specific abnormalities, diagnosis and patient outcome for 

many HM. This underpins WHO-defined criterion for risk stratification of patients 

based on cytogenetic abnormalities to be carried out at the time of diagnosis to guide 

clinical management and therapy [6, 7, 12, 18, 41, 43, 44, 49, 58-61].  

 

1.2.3.1 Cytogenetics: Limitations of Fluorescence in situ Hybridisation 

Cytogenetic stratification with FISH (metaphase or interphase) is integral to 

predicting treatment response and clinical management of HM at diagnosis and also 

presents as a useful tool in identifying the presence of original and additional clones 

(i.e. clonal evolution) harbouring different genetic abnormalities at relapse [18, 41, 

43, 58, 59, 61-66]. However, despite its integral role in disease genotyping, there are a 

number of key technical limitations that prevent or inhibit its diagnostic utility 

especially for residual disease monitoring [12, 14, 34, 38, 39, 42, 49, 52, 67]. 

Currently conventional FISH analysis is determined manually by direct visualisation 

and spot counting of all nucleated cells fixed on slides. Manual interpretation requires 

significant technical expertise and is subjective, laborious and time consuming. 

Interpretation is also confounded by the inability to distinguish between normal and 

neoplastic cells (i.e. similar morphology or absence of disease defining genetic 

abnormalities). Furthermore only 100-200 nucleated cells are generally analysed in 

the diagnostic setting and therefore have low specificity and sensitivity for disease 

detection [32, 34, 38, 40, 47, 52, 68]. Also, many probes have a relatively high false 

positive detection rate due to the chance of localisation of probes close together 

within the nucleus thus further reducing its specificity and sensitivity [32, 34, 38, 39]. 

Hence the cut-off rate for a positive result may require 5-7% positive nuclei to have 
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the chromosomal defect being studied [5, 8, 12, 56]. Many FISH tests are performed 

on interphase whole cells on smears. This limits the technical demands associated 

with studying metaphase spreads. The preparation of metaphases requires cell culture, 

freezing the cells in metaphase and then “dropping” cell suspensions onto glass slides. 

This relies on the technician to drop and disperse cell suspensions evenly onto slides 

so as to avoid overlapping cells or nuclei. In addition, care must also be taken to 

minimise rupturing of cells and their contents, thereby impeding accurate and precise 

chromosome analysis specific to individual cells. These limitations are further 

compounded in cases of high clonal heterogeneity within the malignant population or 

where there is a low percent neoplastic cells in the sample within a high background 

of normal cells [10, 14, 16, 34, 40, 49, 63, 69, 70]. 

Despite technical shortcomings of standard interphase FISH, it has been 

repeatedly shown to be more accurate and viable than other molecular based methods 

such as PCR to detect disease related chromosomal aberrations (i.e. translocations) 

[34, 38, 39, 43, 54, 71]. In particular, chromosomal rearrangemnts involving large 

genes/locuses defined by multiple break points scattered over large regions (i.e. 2 – 

4kb) is very difficult to detect by molecular techniques (i.e. variants can be missed). 

Prior cell immunophenotyping (i.e. flow cytometry) can guide interpretation and 

optimise FISH analysis by knowing the nature of the sample and degree of neoplastic 

cell infiltration. Furthermore, initial flow cytometry-based cell sorting can improve 

the sensitivity of genetic analysis to overcome scenarios of low target cell abundance 

[14, 49, 52, 72]. This involves a 2-step approach of fluorescence activated cell sorting 

(FACS) of cells of interest prior to genetic testing (i.e. standard slide-FISH or 

PCR/molecular methods) to improve detection sensitivity and specificity for analysis. 

However, FACS cell sorting requires prohibitively large amounts of sample material 

to ensure purity in target populations, which may not be feasible in rare or 

hypocellular cases [52, 67, 72-74]. Although preliminary FACS sorting can improve 

FISH detection due to purification of the cells of interest, it is not routinely performed 

due to cost, resource and instrument requirements.  

The sensitivity of FISH can also be improved through direct incorporation of 

immunophenotyping into a single test known as “fluorescence immunophenotype and 

interphase cytogenetics as a tool for investigation of neoplasms” (“FICTION”) [12-

14, 49]. FICTION is performed on fixed tissue sections and enables simultaneous 
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assessment of cell immunophenotype and cytogenetics so that genetic aberrations are 

interpreted in the relevant phenotypically identified cells. With this methodology, 

primary genetic abnormalities and secondary changes can be detected in a 

subpopulation of neoplastic cells differentiated by immunophenotype (i.e. clonal 

heterogeneity) [67]. An example of FICTION in practice is the identification of 

prognostically significant translocations (e.g. MYC translocations) in CD138-positive 

plasma cells implicated in Multiple Myeloma [12]. Despite the added diagnostic 

power of immunophenotyping in the clinical setting, FICTION remains a slide-based 

methodology limited by the low number of cells manually analysed and is not routine 

for diagnostic stratification. As for FISH, the limit of sensitivity equates to one 

abnormal cell in 20 cells analysed [8, 12-14, 49, 56].  

Although FISH is critical at diagnosis, due to the limitations outlined, it is 

insufficiently sensitive for ongoing follow-up disease monitoring. Therefore, 

conventional cytogenetic or FISH techniques are not suitable for routine residual 

disease monitoring in follow-up post treatment cases to guide clinical management [5, 

12, 14, 32, 34, 40, 43, 47, 49]. The current limit of detection of FISH methodologies 

precludes the detection of cytogenetically abnormal neoplastic clones in low 

abundance that can seed from potentially prognostically significant sub-clonal 

variants (i.e. therapy resistant sub-populations) [16, 61, 63-66, 75, 76].  

 

1.2.4 WHO Classification of HM Using Integrated Data  

These three major diagnostic techniques (i.e. morphology, 

immunophenotyping and cytogenetics) have been pivotal in establishing a 

comprehensive paradigm for neoplastic cell interrogation. This forms the WHO based 

classification framework for HM, such that diseases are classified as distinct entities 

with precise definitions and objective diagnostic criteria derived from a combination 

of laboratory and clinical features [1-3, 5-7, 49]. This integrated workup incorporates 

immunophenotypic and cytogenetic information with routine traditional 

morphological assessment to greatly enhance neoplastic cell characterisation, 

diagnostic precision, prognostic stratification, disease monitoring and clinical 

management [5, 7, 32, 49]. This model has led to the comprehensive standardisation 

of diagnostic criteria (i.e. including disease classification and definitions) so that 
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diagnostic laboratories and clinicians can deliver the most accurate, robust, 

reproducible and individualised patient care with curative outcomes. This holistic 

assessment has also provided novel insights in the pathogenesis and understanding of 

neoplastic transformation and biology of lymphomas and leukaemias as well as 

provided quality control/assurance on implementation of newer diagnostic 

technologies and multidisciplinary practice [5, 7, 11, 21, 32, 49, 77]. This has 

translated to more effective treatment strategies and serves as a model for other areas 

of pathology, oncology, research and clinical practice. For the purpose of this 

diagnostic methodology development study CLL and its conventional WHO 

diagnostic template was used as model for proof of principle validation. 

 

1.3 Chronic Lymphocytic Leukaemia (CLL) 

 

In this introductory Chapter I will focus on CLL, as this will be the HM that I 

will be studying. I will give an overview of the clinical manifestations, diagnostic 

criteria and laboratory methods used to assess prognosis and the disease status. 

 

1.3.1 World Health Organisation Definition of CLL 

The WHO defines CLL as a lymphoproliferative disorder characterised by the 

accumulation of mature clonal monomorphic round B-lymphocytes that express CD5 

antigen in the peripheral blood, bone marrow and other lymphoid tissues (i.e. lymph 

nodes and spleen) [7, 11, 21-23, 44, 77]. CLL can also involve and spread to other 

parts of the body or organs and form solid tumours in lymph nodes and other tissue 

locations. CLL, by definition, is a neoplastic B-cell disorder; there is no T-cell 

equivalent.  

 

1.3.2 Incidence and Prevalence  

CLL is the most common leukaemia in Australia and in the rest of the western 

world; it accounts for around 40% of all adult leukaemias and 10.7% of all HM. The 

age-adjusted incidence rate of CLL in Europe and the US is 4-6 new cases per 

100,000 people per year [11, 21, 77]. Around 16,000 new cases in the US, more than 
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12,000 new cases in the EU and 1,000 new cases in Australia of CLL are expected 

each year. For 2018, it is estimated that 1,452 new cases of CLL will be diagnosed in 

Australia with a mortality of 402 cases. The incidence of CLL increases with age (i.e. 

disease that primarily affects the elderly) and has a mean age at diagnosis of around 

70 years and a median age of 72 years with 70% of new diagnosis of patients being 

over the age of 65 years [11, 21, 77]. There has been an increase in the prevalence of 

CLL cases around the world due to aging populations with these estimates projected 

to increase. Furthermore, there has been an increase in the prevalence of CLL 

diagnosed in younger individuals in the past decade, with almost 15% of patients 

being 55 years or younger.  

There are ethnic and geographical differences in the incidence of CLL, it is 

rare in people with African-Caribbean and Asian-pacific descent/Eastern world with 

the lower incidence maintained in the migrants and their progeny [10, 11, 21, 22]. 

Gender is also a predisposition to CLL as men are more frequently affected by CLL 

than women (1.5-2:1 ratio). It is known that CLL can occur as a sporadic event or in 

individuals with a family history of CLL and other NHL (5-12% of cases) [10, 11, 21, 

22]. Furthermore, predisposition and development of CLL are 2-8 times more likely 

in the relatives of CLL patients. Familial CLL can develop earlier in these individuals 

and may result in a more severe clinical course of the disease however it will still 

share high similarity of biological and molecular features to sporadic cases [11, 21]. 

 

1.3.3 Clinical Presentation of CLL 

As with most chronic lymphoproliferative disorders, CLL and the progressive 

accumulation of clonal cells and their products results in a number of clinical features 

or conditions. These can include peripheral blood lymphocytosis as identified by full 

blood counts (FBC), bone marrow lymphoid infiltration, tissue enlargement and 

functional impairment (e.g. lymphadenopathy, splenomegaly or other organomegaly), 

anaemia and cytopenias due to bone marrow failure. Presence of a serum monoclonal 

immunoglobulin (generally low level IgM) is also observed in some patients [6, 7, 11, 

21, 23, 77]. These clinical features are more likely found in patients with more 

advanced disease and such patients are often much more susceptible to recurrent 

infections (e.g. herpes zoster) as a result of acquired hypogammaglobulinaemia, 
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Weight loss, general malaise and night sweats are common features of those who are 

in the most advanced stages of disease. It is also not uncommon for CLL patients to 

exhibit an autoimmune phenomena resulting in a positive direct anti-globulin test 

(DAT), with >50% of these being a warm antibody autoimmune haemolytic anaemia 

(AIHA) alongside immune thrombocytopenic purpura (ITP) [11, 21-24, 77-79]. 

Initial or routine diagnostic assessment aims to correctly identify CLL from 

other lymphoproliferative disease (e.g. hairy cell leukaemia (HCL)) or leukaemic 

manifestations of non-HL to establish disease specific clinical management. This is 

achieved by holistic evaluation of clinical features, cell morphology and 

immunophenotype. Examples of CLL masquerading lymphoproliferative entities 

include mantle cell lymphoma (MCL), marginal zone lymphoma (MZL), splenic 

marginal zone lymphoma with circulating villous lymphocytes (SMZL) and follicular 

lymphoma (FL) [6, 7, 11, 21, 23, 28, 29, 77]. Multiple tests are utilised for front line 

diagnosis of a majority of CLL cases; these include blood counts, morphological 

examination on blood smears and immunophenotyping of the circulating lymphoid 

cells. Routine blood tests alone can diagnose approximately 70-80% of CLL cases in 

asymptomatic patients [6, 7, 11, 21, 77].  

 

1.3.4 Diagnosis and Management of CLL 

CLL is a disease with a highly heterogeneous clinical course irrespective of 

initial presentation. There are significant biological and molecular differences of CLL 

neoplasms between patients and within the same patient which effect disease function 

and progression [10, 11, 21-23, 59, 77]. The diverse biological landscape of CLL 

necessitates clinical course of action tailored to specific disease disposition. Some 

patients have asymptomatic indolent disease to be managed without any clinical 

intervention (i.e. watch and wait), whilst in others the disease can progress 

aggressively and require specific therapy shortly after presentation [10, 11, 21-24, 77-

79]. Therefore, precise and sensitive diagnostic stratification is critical to derive risk-

adapted therapeutic approaches to improve clinical outcomes for CLL. An integrated 

workup of biological and clinical features involving multiple modalities (i.e. 

interrogating clinical, pathological and biological features) for assessment is required 

to determine a complete diagnostic picture for classification, risk stratification, 



 16 

prognostication, clinical management and monitoring of CLL [5, 7, 10, 11, 21-25, 

77].  

Consequently, CLL is holistically defined by a combination of morphology, 

immunophenotype, genetics and clinical features as determined by the WHO [5-7, 21, 

77]. This is embodied in the standardised criteria of the International Workshop on 

Chronic Lymphocytic Leukaemia (IWCLL) to guide clinical assessment and 

management of CLL [5, 10, 11, 21, 23, 77]. It has been shown with this diagnostic 

paradigm of CLL conducted by qualified haematology/oncology centres results in a 

significant improvement in progression-free survival and overall survival. This is of 

even higher relevance for high-risk patients so that the most effective treatment 

strategies possible are implemented and the greatest improvements in prognostic 

outcome are achieved [5, 10, 18, 21, 23, 77]. In practice, this requires optimal 

utilisation of multiple test modalities during disease diagnosis and follow-up. 

Currently this is achieved by a coordinated triage of specialised clinical laboratories 

for each test to generate a WHO specific integrated diagnostic report, with MFC and 

cytogenetics being integral components to the clinical assessment of CLL [5, 7, 11, 

12, 15, 21, 23, 77]. 

 

1.3.4.1 Morphological Analysis: General Cellular Characteristics of CLL 

Complete blood count with differential leucocyte counts and assessment of 

cell morphology are routine tests employed to initiate diagnosis of CLL. Automated 

blood count analysers are used to determine the FBC and morphological assessment is 

performed by light microscopy on stained blood smears [5, 11, 21, 22, 77]. Diagnosis 

of CLL requires at least 5x109/L clonal B-lymphocytes in the blood; the 

lymphocytosis may be extreme and exceed 400x109/L. The BSH guidelines suggest 

that the lymphocytosis must be persistent for more than 3 months. Traditional 

morphological assessment pertains to the identification of distinctly abnormal 

quantitative and qualitative characteristics in CLL blood biopsies [5, 7, 11, 21, 23, 

77].  

In the peripheral blood of CLL, malignant cells are mature lymphocytes that 

are typically small with a scanty or narrow border of cytoplasm, a dense nucleus lacks 

discernible nucleoli, and clumped nuclear chromatin. In addition, smear or smudge 
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cells (i.e. ruptured CLL cells) are frequently seen reflecting the fragile nature of the 

cell membrane [5, 11, 21, 23, 77]. Larger or atypical cells, cleaved cells or 

prolymphocytes (larger cells with prominent central nucleolus) may also occur. 

Typical morphological appearances of CLL cells in the blood are shown in Figure 2.  

 

 

Figure 2. Romanowsky-stained blood smear of CLL with a marked lymphocytosis (112 x 

109/L) at x40 magnification. Morphological features include lymphocytosis and smear cells 

(red arrows).   

 

The percentage of prolymphocytes is important in the differentiation between 

CLL and prolymphocytic leukaemia (B-PLL) as an excess of prolymphocytes greater 

than 55% of lymphocytes favours a diagnosis of B-PLL. A routine blood smear that 

reveals greater than 30% smudge cells can be associated with a favourable outcome in 

newly diagnoses cases of CLL. However, it has been shown that an increased 

proportion of prolymphocytes (10-50%) frequently confers with a more aggressive 

clinical course/disease progression [5, 11, 21, 23, 24, 77]. Also, the features of AIHA 

associated with CLL include spherocytes, increased reticulocytes and polychromasia, 

whilst a decrease in platelets may be indicative of ITP or bone marrow failure. 

Morphological and immunophenotypic assessment of peripheral blood is 

sufficient to diagnose the majority of cases of CLL. Bone marrow examination is 
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generally performed at diagnosis to determine the extent of disease and pattern of 

marrow infiltration of CLL (e.g. diffuse – Figure 3A; nodular – Figure 3B).  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Haematoxylin and eosin stained sections of bone marrow showing (A) extensive 

marrow involvement in a diffuse pattern virtually replacing normal haemopoietic marrow 

(x40) and (B) nodular marrow infiltration with residual normal haemopoiesis (x40). 

 

Bone marrow aspirate morphology (i.e. infiltration) is characterised by >20% 

mature lymphocytes with morphology comparable to that in the blood. The trephine 

biopsy aids prognostic determination as the CLL may appear interstitial, nodular 

and/or diffused/mixed. In brief, nodular appearances in the bone marrow trephine 

generally confer a favourable prognosis whilst interstitial, mixed or diffused an 

unfavourable prognosis. If there is lymphadenopathy a lymph node biopsy may also 

be performed. The histopathology can be used to distinguish between CLL/SLL and 

other small cell lymphomas [11, 21, 23, 77].  
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Overall the reproducibility and concordance in the diagnosis of CLL and other 

B-cell lymphoproliferative disorders based on morphology alone remains challenging 

with flow cytometry providing further information for diagnosis for these 

provisionally confirmed cases [11, 21, 23, 77].  

1.3.4.2 Immunophenotype of CLL 

CLL is characterised by a proliferation of CD5-positive B-cells that express 

CD23 and show light chain restriction. This immunophenotype is used diagnostically; 

an example of this MFC assessment is illustrated in Figure 4. No single phenotypic 

marker alone appropriately identifies CLL or virtually any HM. Hence panels of 

antibodies are used to identify the leukaemic cells and distinguish them from normal. 

Co-expression of (aberrant) CD5 with a B-cell (e.g. CD19, CD20 weak, CD22) 

immunophenotype is the defining hallmark of neoplastic CLL B-lymphocytes [22, 24, 

25, 28-30, 36, 37]. CD5 is uniformly expressed characteristically on T-lymphocytes, 

and the majority of cases of CLL. However, it is well established that that the 

intensity of expression of CD5 on CLL cells can be variable [30, 80]. This is due to 

the clinically heterogeneous nature of CLL between cases and within clonal sub-

populations (i.e. subject to disease biology, progression and treatment) within the 

sample patient ranging from high to dim intensity of expression [11, 15, 21, 27-30, 

36, 80].  

Other specific phenotypic characteristics of CLL that are used in diagnosis and 

monitoring include differential expression of CD23, CD43, CD79b, CD81 and 

CD200. The expression of CD23 and CD43 phenotypes are commonly applied for 

diagnostic MFC [24, 25, 28-30, 36, 37, 81]. An example of the CLL flow cytometric 

immunophenotype is illustrated in Figure 4. The expression profile of CD20, CD22, 

CD79b, CD81 and FMC7 on neoplastic CLL B-lymphocytes is characteristically low 

or weak compared to normal B-lymphocytes. Weak expression of surface 

immunoglobulin is characteristic of CLL and if immunoglobulin is produced it is 

often monoclonal with kappa/lambda light chain restriction. This includes low 

expression of surface immunoglobulins IgM and/or IgD for most cases, and to a much 

lesser extent IgG or IgA. It has been demonstrated that CLL cells express CD200 

uniformly, which is absent in many lymphoproliferative disorders (e.g. MCL); 
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therefore, CD200 is a useful marker for differential diagnoses involving CLL [15, 27-

29, 36].  

These phenotypic characteristics have been used in CLL diagnostic scoring 

systems (e.g. Matutes Score) to differentiate CLL from other small B cell neoplasms. 

One system uses a scoring criterion (out of 5) consisting of CD5 positivity, CD23 

positivity, FMC7 negativity, weak expression of surface immunoglobulin and weak 

expression or absent expression of CD22 [15]. In one study this identified 87% of 

patients with CLL (scores of 4 or 5) whilst 89% of other B-leukaemias and 72% of B-

lymphomas (scores of 0 and 1) were determined. The diagnostic accuracy was 

improved from 91.8% - 96.8% when CD79b (typically absent in CLL) replaced CD22 

in the scoring criteria for defining CLL (broadened to 3-5). Refined scoring systems 

also enable “atypical” CLL to be identified as they maybe CD23 negative or show 

increased expression of surface Ig, FMC7 and/or CD20. 

Some antigens can be utilised to assist in predicting prognosis of CLL. These 

include CD38, and to lesser extents ZAP-70 and CD49d assessment. This has been 

reported by prospective clinical trials and retrospective data collection studies as 

independent prognostic markers [8, 11, 21, 23, 28]. The underlying importance of 

these phenotypic markers is their association with the immunoglobulin VH gene 

(IGHV) somatic mutation status in CLL. CLL cases may have somatic mutated or 

unmutated IGHV status, which bear important pathogenic implications and therefore 

has high prognostic relevance [10, 11, 21, 61]. CLL cases with the unmutated IGHV 

subtype follow a more aggressive clinical course. 

It has been well established that the trans-membrane glycoprotein CD38 

strongly correlates with IGHV mutation status in CLL. The CD19/CD38 

immunophenotype is more likely expressed (≥ 30%) in patients with unmutated 

IGHV in the peripheral blood [11, 15, 21, 28, 29, 61, 77]. Such patients were less 

likely to respond to chemotherapy and had reduced survival. Recent studies have 

shown CD38 as an unreliable surrogate marker for IGHV mutation status, however 

adverse prognostic significance is still conferred by CD38 expression itself. Higher 

levels of CD38 (more than 7, 20 or 30% in different series) and of ZAP70 (more than 

20%) were associated with worse prognosis, however ZAP70 may be unreliable due 

to difficulties and the lack of standardisation in its measurement [11, 21, 60]. 
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Figure 4. Flow cytometry of CLL cells (red) showing CD19, CD23, CD5 and Ig light chain 

positivity. There is weak expression of CD20 and CD79b. Expression levels of these markers 

are normal in healthy cells (black). Adapted from clinical data from PathWest Laboratory 

Medcine (diasnostic flow cytometry service), Department of Haematology, Queen Elizabeth II 

Medical Center 2018 [82]. 
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1.3.4.2 MFC Assessment of Minimal Residual Disease (MRD)  

Complete remission (CR) from CLL is morphologically defined by the 

presence of <30% bone marrow lymphocytes [8, 11, 83]. This is an insensitive cutoff 

as CR cases are also determined by the presence of less than one CLL cell among 

10,000 normal leucocytes (10-4) by MFC (i.e. MRD detection). MRD assessment is a 

strong determinant of prognosis and remission duration (i.e. progression free and 

overall survival) as it is linked to disease relapse and refractory CLL as reported by 

many studies and ongoing clinical trials [8, 11, 21, 22, 24, 25, 72, 81, 83-85]. It has 

been shown that MFC can enable early and accurate prediction of clinical outcomes to 

guide decision making (i.e. change, stop or maintain treatment) to facilitate lasting CR 

based on ongoing disease monitoring and MRD detection [5, 8, 15, 83]. Furthermore 

MFC can be used as a tool to develop risk-adapted treatment strategies based on 

MRD assessment on prospective testing in clinical trials through deep clinical 

stratification of disease immunophenotype [8, 15].  

MFC assessment of CLL MRD is performed on blood and bone marrow by 

most clinical flow cytometry-based laboratories [8, 15, 72, 84]. The MFC detection 

sensitivity of basic 3-colour CD5/19 co-expression and kappa/lambda light chain 

restriction sensitivity is limited to 1% (10-2). This is due to the presence of normal 

CD19 B cells and monoclonality which is difficult to determine when B-cell count is 

low. A 4-colour MFC approach has been standardised and optimised for CLL MRD 

detection with a sensitivity of 0.01% (10-4) when at least 500,000 events are acquired 

[8, 15, 22, 25, 36, 84]. This method has found a place in routine practice and has been 

widely adopted in clinical trials [8]. Possible antibody combinations used in 4-colour 

MFC approaches are CD5/CD19 with CD20/CD38, CD81/CD22 and CD79a/CD43 

with comprehensive sample assessment usually culminating in three tubes [8, 15, 22, 

25, 28, 29, 36, 77, 84]. This panel consists of markers that are differentially expressed 

on CLL versus normal B cells, haematogones and T cells, neoplastic cells are 

identified as CD5/CD19+ events that express CD20, CD22, CD81, CD79b (weakly) 

and CD43 (strongly). Enhanced assessment of CLL MRD has been demonstrated in a 

6-colour single tube assay that incorporates tumour-specific antigen CD160, which 

can achieve a detection sensitivity of 0.01-0.001% (10-4-10-5). For 8-colour to 10-

colour panel single tube assays, the sensitivity of detection can potentially approach 

0.0001% (10-6) if a total of 1.8x106 cells are analysed [8, 22, 25, 28, 29, 36, 77]. 
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Compared to high sensitivity molecular techniques such as Allele Specific 

Oligonucleotide-Polymerase Chain Reaction (ASO-PCR), MFC testing is 

advantageous as it does not require patient-specific reagents, is less labour intensive, 

less time consuming (faster turn-around time for results), more cost effective and has 

potential for specific analysis of cells of interest (i.e. expansion of multi-colour panel) 

[8, 22, 25, 39, 48, 72, 81, 85]. Despite quantitative power of MFC for CLL and MRD 

assessment, a number of problems exist in terms of clinical utility and technical 

feasibility. The high sensitivity and specificity for detection by MFC is determined by 

the number of markers/colours utilised in a panel and the number of acquired cells. 

Increasing the number of colours in a panel used per test increases the complexity of 

analysis (i.e. compensation and gating strategies). Flow cytometric analysis already 

requires trained personnel and if more panel complexity is introduced, results may be 

further subjected to operator dependency (i.e. less reproducibility in analysis 

algorithms, incidence of false positive and negative events) [15, 28, 36]. Furthermore, 

acquisition of large numbers of viable cells may not be possible or feasible for low 

quality, hypocellular or paucicellular samples, or samples with a high background of 

normal cells [15, 36, 74, 77, 86, 87]. In these cases, MFC cannot call upon the 

detection of morphological and genetic based parameters/information (e.g. 

visualisation of events) to enhance diagnostic accuracy and precision for MRD 

assessment [5, 13, 15, 20, 25, 34, 77, 85, 88-90].  

 

1.3.5 Prognosis and Disease Stratification of CLL 

 

1.3.5.1 FISH and Prognostic Assessment of CLL  

CLL is characterised by heterogeneous genetic instability, with cytogenetic 

abnormalities conferring stratification of patients into high, intermediate, low and 

very low risk categories to drive clinical decision-making with risk adapted 

therapeutic approaches [7, 10-12, 18, 41, 44, 60, 63, 91]. Currently the detection of 

cytogenetic aberrations in CLL are performed by interphase FISH with a typical 

diagnostic panel consisting of locus specific copy number DNA probes (e.g. Vysis 

CLL diagnostic FISH probe kit) to detect the four most clinically relevant 

chromosomal aberrations implicated in CLL (Figure 5). This is based on a 
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hierarchical prognostic classification model established by a landmark study in 2000, 

where Döhner et al. demonstrated the importance of FISH for stratifying CLL to 

determine patient outcomes and treatment provisions [18, 41]. In brief he showed the 

identification of major cytogenetic subgroups in a large cohort of patients with CLL 

correlated with prognosis and survival (Figure 5). These cytogenetic abnormalities 

predominantly involve loss or gain of genetic material, which specifically include the 

deletion of chromosome 13q14, trisomy 12, deletion 11q22-23 and deletion 17p13 in 

decreasing order of frequency [7, 10-12, 18, 41, 44, 60, 63, 91].  

These most clinically relevant cytogenetic abnormalities are detected in more 

than 80% of all CLL cases and can occur either in isolation of each other or co-exist 

together at the time of diagnosis as detected by interphase FISH [12, 38, 39, 42, 58, 

60]. Döhner et al. also showed that patients with complex karyotype (i.e. three or 

more chromosomal aberrations) have inferior prognosis compared to those with 

diploid cytogenetic presentation. Based on these results FISH has become routine in 

the assessment of CLL[18]. 

 

 

Figure 5. Detection of cytogenetic aberrations in CLL by FISH confer important independent 

prognostic predictors of disease progression and survival. Comparison of the median survival 

times for prognostically significant subgroups in CLL. Deletion of 17p (or del17p13) has the 

worst prognostic outcome. Adapted from Döhner et al. Genomic Aberrations and Survival in 

Chronic Lymphocytic Leukaemia, New England Journal of Medicine (2000) [18].  
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The most common chromosomal aberration is deletion of the long arm of 

chromosome 13 (13q14), which is found in 50% of CLL cases and is associated with 

the most favourable prognosis (133 months median survival) when occurring in 

isolation. The highly size variable deletion of the long arm of chromosome 11 

(11q22-q23) is found in 5-20% of CLL cases and is associated with poor prognosis 

(79 months median survival) [10, 11, 18, 41, 77].  

Trisomy 12 or the gain of one chromosome 12 (+12) is a cytogenetic 

aberration unique to CLL and is usually found in 10-20% of cases [11, 41, 65, 75, 76, 

92, 93]. An example of standard interphase FISH (slide) detection of trisomy 12 

aberrations in CLL can be shown in Figure 6. Neoplastic CLL cells with trisomy 12 

can demonstrate atypical morphology, increased prevalence of NOTCH 1 mutations, 

light chain clonal restriction and increased expression of α-integrins (i.e. CD11a and 

CD49d) and CD38 [75, 93].  

Trisomy 12 cases are associated with an intermediate prognostic outlook (114 

months median survival) and presence of this aberration does not alter disease 

management beyond the standard of care [18, 75, 76, 92, 93]. The explanation for the 

intermediate prognosis is not known. It has been postulated that it may be due to gene 

dosage of an oncogene resulting from the trisomy or yet-to-be-identified mutations 

[43, 65, 75, 93]. It has been recently reported that the acquisition of trisomy 12 

abnormalities are implicated in Richter’s transformation in about a third of cases [18, 

75, 76, 92, 93]. Richter’s transformation is a rare transformation that occurs in about 

5-10% of CLL, transitioning into fast-growing diffuse large B cell lymphoma (type of 

non-HL) with poor prognosis that is refractory to treatment [11, 16, 41, 91].  

Further evidence shows that trisomy 12 CLL cases are correlated with clonal 

heterogeneity and karyotypic complexity, as reported by a number of studies [43, 65, 

70, 76]. In a large recent study involving 289 CLL cases harbouring trisomy 12, the 

intermediate prognosis and rare clonal heterogeneity associated with this subgroup of 

patients were reported [43, 65, 70, 75]. Other abnormalities co-existing with trisomy 

12 were found, with 7% having alterations in chromosome 18 and 2.1% in 

chromosome 14, one case each of t(14;18) and t(2;18) were also observed which may 

confer independent prognostic outcomes. Specifically, patients with >60% of cells 

with trisomy 12 had a worse outcome in terms of overall and disease-free survival. 

Furthermore, clonal evolution in a CLL patient was shown even after eight years of 
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follow up, with trisomy 12 and t(14;18) (q32;q21) rearrangement (IGH-BCL2) 

initially observed at the time of diagnosis with further BCL2 translocations emerging 

independently during clinical course [43, 65, 70]. At follow-up, three different clones 

associated with trisomy 12 were identified in cells of the peripheral blood. The first 

clone harboured trisomy 12 only as the sole abnormality (one cell), the second clone 

had both trisomy 12 and t(14;18)(q32;q21) rearrangement (IGH-BCL2) abnormalities 

(four cells) and the third clone had trisomy 12 and t(2;18) (p11.2;q21) rearrangement 

(IGK-BCL2) abnormalities (13 cells). Overall these studies suggest the specific 

disease biology of trisomy 12 CLL cases have potential clinical importance as disease 

progression/persistence and variable prognostic outcomes (i.e. clinical course) were 

demonstrated through clonal evolution and sub-clonal heterogeneity driven by clonal 

trisomy 12 neoplastic cells.  

 

1.3.5.2 Prognostic Assessment of CLL by FISH: The Importance of del(17p) 

Deletion of the short arm of chromosome 17 (17p13)/del(17p) encompassing 

the tumour suppressor gene TP53 is detected in approximately 7% of CLL cases at 

diagnosis and is the single most important prognostic feature in patients with CLL 

[11, 21, 91, 94]. Del(17p) deletions are therefore associated with the loss of TP53 

function. TP53 mutation on the remaining allele accounts for more than 80% of 

deletion 17p13 cases and loss of TP53 funtion. An example of standard interphase 

FISH (slide) detection of del(17p) aberrations in CLL can be shown in Figure 6. 

CLL patients harbouring 17p13 deletions and/or TP53 mutations are classified 

as high risk, conferring the most aggressive disease features, and follows a 

relentlessly adverse clinical course, deletion of 17p alone correlates to 32 months 

median survival and overall survival of 2-3 years from diagnosis. Such del(17p) 

patients require active clinical intervention beyond the standard of care [8, 10, 11, 17, 

18, 21-23, 41, 77, 78]. The is specifically highlighted in Figure 5 correlating dismal 

patient survival with the presence of del(17p) and/or TP53 mutations. Patients with 

17p13 deletions have poor response to standard chemotherapy regimens using 

alkylating drugs and/or purine analogues (i.e. FCR - Fludarabine, Cyclophosphamide, 

and Rituximab). Furthermore CLL with del(17p) have a higher risk of disease 

transformation, refractory disease course and early disease relapse (i.e. clonal 
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evolution). While 17p13 deletions are rare at diagnosis (<10% cases), there is a 40-

50% increase in its prevalence over the course of the disease (i.e. relapse), in 

refractory cases where 17p13 deletions are acquired over a pre-existing cytogenetic 

abnormality (e.g. 13q14 deletion) [10, 11, 18, 21, 23, 41, 63, 79, 91]. 

 

 

 

 

 

 

 

 

 

 
Figure 6. Standard FISH showing trisomy 12 detection with (A) three centromere 12 FISH 

signals (green) and (B) del(17p) with one red p53 signal and two control chromosome 17p 

centromere FISH signals (green). 

 

In such patients with dual deletions of 13q14 and 17p13, the prognostic 

outlook is very poor with resistance to chemotherapy and reduced survival, 

potentially culminating in disease relapse during MRD stages. CLL patients with 

17p13 deletions require a more aggressive treatment approach as standard treatments 

are not sufficient to overcome adverse clinical course. This involves both treatment 

naïve as well as relapsed and refractory del(17p) CLL patients. These patients are 

eligible early for first/second-line use of novel treatments such as BTK inhibitors (e.g. 

Ibrutinib and Idelalisib) in some countries, enrolment in clinical trials (e.g. 

immunotherapy) and early allogeneic stem cell bone marrow transplantations [8, 17, 

22, 23, 79]. It is standard practice for FISH to be performed on patients before 

commencing treatment due to the potential for additional genetic defects (i.e. 

homozygous del(17p13) to be acquired leading to treatment resistance or disease 

transformation to a large cell non-HL (i.e. Richter’s transformation). This may also 

justify ongoing or repetition of FISH analyses along with MFC assessment (i.e. post-

therapeutic monitoring) for high-risk patients to determine precise detection and 

prognostication for subsequent, second or third line treatment [5, 8, 11, 12, 21, 23, 41, 

58, 60].  
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1.3.5.3 Clinical Management of CLL Patients Based on Prognostic Assessment 

Cytogenetic stratification with FISH is integral to the decision-making process 

and clinical management of patients with CLL, a disease with a highly heterogeneous 

clinical course. As such it is incorporated with clinical, biological, staging and 

therapeutic response parameters into a comprehensive stratification strategy that 

derives risk-assessment and treatment guidelines. This has culminated in the 

development of standardised risk stratifying indexes such as the CLL International 

Prognostic Index (CLL-IPI) by the CLL international consortium to guide the timing 

and choice of treatment [11, 21, 23, 77-79, 95]. In brief, the CLL-IPI incorporates a 

risk-adapted therapeutic approach incorporating TP53 aberrations (del(17p) and TP53 

mutation), IGHV mutational status, β2-microglobulin concentration, clinical stage 

(based on Rai/Binet system), clinical symptoms for active disease (e.g. progressive 

bone marrow failure/other clinical presentations) and patient age. This treatment 

approach is stratified in four distinctive prognostic groups; ‘low-risk’, ‘intermediate 

risk’, ‘high-risk’ and ‘very high-risk’ to identify personalised and targeted clinical 

management for CLL patients [11, 21, 63, 77-79, 95]. For ‘low-risk’ patients (93.2% 

overall survival (OS) at 5 years) a “watch and wait” approach is often used and it is 

not recommended to treat these patients with standard chemotherapy. For these 

patients, ongoing clinical examinations and disease monitoring should be routinely 

performed (i.e. every 3-12 months). It is suggested that treatment should only 

commence when patients show signs of disease progression or become symptomatic 

thereby elevating the risk-status. For both ‘intermediate-risk’ (79.2% OS at 5 years) 

and ‘high-risk’ (63.3% OS at 5 years) groups, standard chemotherapy (i.e. FCR) is 

required if patients are symptomatic. Specifically, standard chemotherapy is 

recommended for those with mutated IGHV, del(13q), trisomy 12 and some cases of 

del(11q) to achieve MRD-negative remission [8, 11, 21, 23, 77, 78, 95].  

The ‘very high-risk’ category (23.3% OS at 5 years) is predictably associated 

with the worse prognostic outcomes related to the presence of del(17p)/TP53 and 

del(11q) alterations conferring relapse and refractoriness to first line treatments. In 

treatment-naïve patients with del(17p), novel, targeted agents such as the BTK 

inhibitor Ibrutinib and Bcl-2 inhibitor Venetoclax, deliver vastly superior outcomes 

compared to the dismal progression-free survival when treated with FCR 

chemoimmunotherapy (~11 months). Therefore such CLL patients in this sub-group 
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should be treated with novel therapeutic agents and in addition enrolled into clinical 

trials and considered for allogeneic bone marrow transplants at the earliest possible 

time [8, 21, 23, 77, 78, 94, 95]. 

Further clinical optimisation of treatment and risk stratification systems have 

seen the incorporation of patient performance and fitness status (i.e. beyond just age). 

CLL primarily affects the elderly population who are more susceptible to developing 

co-morbidities such as renal insufficiency or chronic lung disease, which would likely 

impair treatment outcomes. Incorporation of this knowledge aims to compare the 

potential benefit to the patient of receiving treatment versus the adverse treatment-

related events, to guide clinical management with FCR chemotherapy to derive a 

more “risk-adapted” approach to clinical management [11, 21, 23, 77, 78]. The 

approach has stratified patients into “Fit or go-go” (suitable for standard treatment), 

“Unfit or slow-go” (reduced treatment) and “No-go” (supportive care only) categories 

based on clinical prognostic information with patient performance and other patient 

characteristics (i.e. renal function) for front-line standard of care with FCR.  

Despite the incorporation of many different clinical parameters in prognostic 

CLL stratification systems, the presence of del(17p) as detected by conventional FISH 

remain the single most important independent prognostic factor in progressive disease 

(i.e. very high-risk sub-group). 

 

1.3.6 CLL del(17p) and Clonal Evolution: A Heterogeneous Clinical 

Entity  

As outlined previously, del(17p)/TP53 mutations are the most important 

prognostic sub-group as it confers a very high-risk clinical course and clinical 

management beyond the standard of care is required (e.g. treatment with BTK 

inhibitors). Significant genomic instability is associated with TP53 loss. For these 

sub-group of CLL patients, del(17p) abnormalities can arise at diagnosis and 

throughout clinical course (i.e. post-therapy) [8, 16, 18, 43, 59, 61, 66, 79, 83, 91]. 

Therefore early detection (i.e. pre-treatment) and ongoing monitoring (post-treatment) 

of del(17p13) CLL patients is required so novel therapies can be timely administered 

and disease refractoriness, relapse, transformation (e.g. Richter’s transformation), 

therapeutic response and disease course can be predicted.  
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In recent times, analysis of CLL samples by several studies have shown clonal 

evolution patterns and sub-clonal heterogeneity of del(17p) as the potential driving 

factor for adverse overall clinical outcomes [16, 43, 61, 63, 64, 66]. It has been 

proposed that small del(17p)-deleted sub-clones are a strong predictor of disease 

transformation, progression, relapse and refractoriness. However, it remains unclear 

whether smaller del(17p)-deleted sub-clones confer independent or similar prognostic 

impact to larger sub-clones of truly clonal del(17p) populations. Growing evidence 

for this have shown that not only clonal del(17p) neoplastic populations exist (i.e. 

identified at diagnosis), clonal evolution was shown to be predominantly driven by 

small TP53 mutated sub-clones detected in cases after standard chemotherapy [61, 64, 

66]. In addition, Rossi et al. (2013) has established that even very small TP53-

mutated sub-clones present pre-treatment with FCR are associated with very poor 

prognosis and are inevitably seen to expand to be the predominant population at 

disease progression [61, 66].  

The evidence from these studies provides growing importance for the early 

detection of clonal evolution at the sub-clonal, single cell level correlated to clinical 

management i.e. sensitive diagnostic detection of cytogenetic changes and treatment 

with novel, targeted therapies, such as Ibrutinib. However current manual-slide based 

FISH lacks the diagnostic sensitivity, specificity and feasibility (i.e. can only detect 

one abnormal CLL cell in 20 normal cells at 5-7% sensitivity) for accurate and 

precise detection of CLL sub-clones that maybe present at MRD levels (i.e. 0.001%) 

[22, 25, 56, 84, 85]. While standard FISH remains integral to cytogenetic and 

prognostic stratification in the clinical setting, it is not suitable for the investigation of 

the impact of therapeutic choices on the sub-clonal “architecture” of CLL for on-

going residual disease monitoring. 

 

1.4 Imaging Flow Cytometry  

 

In this section I will describe imaging flow cytometry. This is the 

instrumentation that I will be evaluating in this thesis. An overview is given to the 

instrument as well as current and potential applications for the assessment of HM. 

This will lead to CLL in particular and the ability to perform FISH on phenotypically 

identified whole intact cells in suspension. 



 31 

1.4.1 Introduction 

Significant development and advancement of cell assessment methodologies 

have been achieved through the utilisation of state-of-the-art imaging flow cytometry 

(IFC) technology [19, 34, 47, 57, 89, 96-101]. This is a novel platform that integrates 

the quantitative power of flow cytometry with the fluorescence signal localisation 

capabilities of high-resolution digital imaging. Automated cell IFC enables objective 

cell detection based on morphology (cell, size, shape) and spatial context of localised 

fluorescence signals (i.e. surface, cytoplasm, nuclear, intensity) on a pixel-by-pixel 

basis [4, 19, 32, 34, 88-90, 97, 98, 100-102]. Therefore, IFC assessment involves an 

integrated workup of both fluorescence intensity and image-based analysis features 

(i.e. software algorithms calibrated with masks). The AMNIS ImageStreamX MarkII 

(AMNIS ISX MKII) is a state-of–the-art IFC platform that is able to acquire at a rate 

of 1,000 to 2,000 cells per second, up to 12 images of each cell, including 10 

fluorescence images with quality comparable to 600x microscopy with extended 

depth of field capability. The ability to visualise cells with quantitative power has 

established IFC as a valuable tool in research with emerging novel applications and 

diagnostic potential in the clinical setting. The current literature has shown that novel 

IFC methodologies have diagnostic utility that can significantly overcome existing 

limitations of conventional MFC and slide FISH for leukaemia assessment [4, 19, 20, 

32, 34, 47, 57, 89, 90, 96-100]. 

 

1.4.2 Applications of Imaging Flow Cytometry in HM 

Imaging flow cytometry has been demonstrated to have advantages over 

standard flow cytometry for the assessment of leukaemia. The digital images and 

direct visualisation enable IFC to be applied when localisation and pattern of antigen 

expression are required. These cannot be performed without images. Two examples 

are [20]: 

1. Detection of disrupted PML protein in acute promyelocytic leukaemia 

2. Intracellular localisation (nuclear versus cytoplasm) of nucleophosmin (NPM) 

in Acute Myeloid Leukaemia (AML) 
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Acute promyelocytic leukaemia (APML) is a subtype of AML with the 

t(15;17)PML/RARA. This genetic aberration leads to disruption of the normal PML 

bodies and the presence of a large number of micropunctate intra-nuclear bodies. Two 

studies have demonstrated that IFC can be used to discriminate APML from other 

types of AML based on PML staining pattern and that the methodology is both 

feasible and practical for clinical utility. Grimwade et al. first demonstrated an 

automated and quantitative image analysis feature capable of assessing and 

normalising the range of signal intensities (i.e. variation in fluorescent staining) across 

the area of cells [19]. This analysis was applied to the staining patterns of intracellular 

PML proteins stained with an anti-PML fluorescently labelled antibody. APML cells 

showed micropunctate patterns (low modulation or pixel variation score due to diffuse 

staining) compared to the course clumps of normal PML protein present in non-

APML AML and normal cells (high modulation or pixel variation score due to 

aggregated bodies). IFC assessment of PML staining status was concordant with the 

cytogenetic analysis of APML t(15:17). APML cases could be sensitively and 

specifically identified with high accuracy, and high positive and negative predictive 

values.  

Mirabelli et al. extended the work done by Grimwade et al. in the 

investigation of the analytical sensitivity of this IFC assay [100]. Their IFC based 

assay was shown to be able to detect residual disease to levels of 10% using the NB-4 

cell line, where further experiments showed the theoretical ability to detect residual 

disease down to 0.1% which is more sensitive than competing/alternative assays. The 

Image Data Exploration and Analysis Software (IDEAS) software provided this 

capability by calculating the number of PML bodies using the “spot count” feature. 

This algorithm detects signals within a cell and counts defined regions of pixels. 

Using this feature they quantitatively showed that HL-60 (AML cells) had 3.52 mean 

spots per cell compared with NB-4 (APML) with 0.42 mean spots per cell (low 

number means diffuse staining of scattered bodies rather than “hot-spots”).  

Another application is the detection of nucleophosmin (NPM), which is 

another prognostically significant intracellular protein in AML [4, 97]. Approximately 

one third of AML cases carry mutations within the NPM gene (i.e. NPM1 mutated) 

and have good prognosis as a distinct subtype of AML. Mutations in the 

nucleophosmin 1 gene (NPM1) in this AML subtype cause translocation of the NPM 
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protein from the nucleus to the cytoplasm. The translocation of the NPM protein 

cannot be reliably detected by standard flow cytometry as localisation of NPM 

staining cannot be reliably determined. In this context, Grimwade et al. has further 

utilised the cellular antigen localisation capabilities of IFC through the detection of 

NPM localisation in cases of AML. The “similarity” analysis feature on the IDEAS 

software was used in this investigation, which compares the pattern of signal 

expression for specific fluorophores within individual cells. Automated image 

analysis showed that a high similarity score was correlated to the overlay of 

fluorescent patterns (i.e. masks). In this investigation, it was shown that wildtype 

cases had a higher score as all NPM was co-localised with the nuclear stain and lower 

scores were concordant with the NPM1-mutated cases as a result of some NPM 

protein being outside the nucleus (i.e. in the cytoplasm). This difference in 

“similarity” score correlated with mutation status with a specificity of 90% and score 

generated digital image galleries were visually verified [4, 19, 20, 97].  

These publications describing novel IFC methodologies demonstrate the 

diagnostic feasibility and applicability of IFC, highlighting its capacity to be used in 

real-time as a fast, sensitive and accurate method of assessing different, clinically 

relevant subtypes of AML with the potential for use in clinical scenarios such as 

disease monitoring after therapy. 

 

1.4.3 FISH in Suspension by Flow cytometry and IFC 

In efforts to enhance specificity and sensitivity of cytogenetic analysis, 

interphase FISH methodologies have been adapted for flow cytometry assessment. 

This has been achieved by performing FISH on whole intact cells “in suspension”, i.e. 

FISH-IS, suspension FISH or S-FISH [14, 20, 32, 34, 40, 47, 49, 52-54, 57, 67, 68, 

71, 74, 88, 99, 103-106]. Despite significant changes in technical procedure and 

requirements, the principle of FISH testing remains the same but FISH-IS offers 

several advancements in assessment compared to FISH performed on slides. Whole 

intact cells are preserved which therefore addresses the issue of flattening/rupturing of 

the originally 3-dimensional (or spherical) interphase nuclei that occurs with the air-

drying process for FISH performed on slides. Flow cytometry of FISH-IS 

preparations enables quantitative genetic analysis of several log more cells than 
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microscopy-based approaches. However, the number of possible cytogenetic 

applications of FISH-IS by standard MFC analysis is limited, such as telomere length 

quantification by mean fluorescence intensity analysis [14, 34, 40, 47, 49, 52-54, 67, 

68, 71, 103-106]. 

Imaging flow cytometry has also been used to perform FISH on cells in 

suspension, “FISH-IS”. This has been demonstrated in a seminal paper by Minderman 

et al. FISH-IS methodology was developed that enabled FISH probes to be able to be 

hybridised to cellular DNA and visualised by IFC [34]. In this report, normal and 

AML cells were analysed for chromosome copy number on an AMNIS ISX MKII. It 

was clearly demonstrated that IFC enabled high throughput detection of aneuploidy 

(i.e. monosomies and trisomies) in cases of AML by a combination of fluorescence 

intensity and “spot count” image analysis. Due to the large number of hybridised cells 

quantitatively analysed with visualisation, a high level of accuracy and detection 

sensitivity was established (0.1%) which enabled the detection of aneuploidy AML 

cells even at MRD stages. Key results highlight that FISH-IS by IFC offers significant 

advances over standard slide FISH based methods in terms of analytical capabilities 

and detection sensitivity [34, 47, 57, 88, 99]. For these novel applications, IFC 

technology is shown to superior to standard MFC due to the ability to visualise and 

automate image analysis based on morphometric parameters on all events to confirm 

analytical accuracy and precision.  

 

1.5 Can FISH-IS and Immunophenotyping be Combined? 

 

The ability to perform both immunophenotyping and FISH-IS on cells in 

suspension and analyse them by IFC, raised the question as to whether these could be 

combined in one test. Combining FISH-IS with standard cell immunophenotyping 

(i.e. “immuno-flowFISH”) would be an unprecedented technical advance over 

currently established methodologies. Such a method if performed on thousands of 

whole cells in suspension and subpopulations of interest identified by cell 

immunophenotype would potentially increase the sensitivity and specificity of FISH. 

If achievable anticipated potential advantages would include holistic evaluation of 

disease specific morphology, immunophenotype and genotype on intact cells in a 

single high throughput automated test on a single platform. Automated FISH analysis 
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on phenotypically identified cells of interest is likely to increase diagnostic precision, 

accuracy, sensitivity and specificity. Further, turn-around-time from sample 

processing (minimal preparation) to data interpretation would be shorter than multiple 

triage testing (diagnostic laboratories) by standard MFC, FISH and molecular based 

methods (i.e. PCR). 

Although the theoretical basis of immuno-flowFISH is exciting and simple, in 

practice this will require significant technical evaluation and development. The 

combination of flow cytometry and FISH-IS principles are complex and challenging 

given the contrasting technical requirements for individual test principles. Careful 

consideration and rigorous methodology review are required to reliably combine 

immunophenotyping and FISH parameters optimised for robust neoplastic 

assessment. In this study, my aim was to develop an immuno-flowFISH methodology 

suitable for clinical application on diagnostic cases of CLL to detect trisomy 12 and 

del(17p) chromosomal aberrations as “proof-of-principle”. 

 

1.6 Hypothesis and Aims  

 

This introductory Chapter has described haematological malignancies in 

general and CLL in particular. I have emphasised the importance of chromosomal 

analysis by FISH to assist with prognostic determination. I have also introduced the 

reader to new automated imaging flow cytometry, a tool with immense potential for 

the study of HM. This leads to the hypothesis and aims of my PhD. 

 

Hypothesis: That an automated imaging immuno-flowFISH method can be 

developed to assess cytogenetic abnormalities using FISH probes on cells in 

suspension that have been identified by their immunophenotype. Further, I hypothesis 

that by the addition of cell identification based on antigen profile, and, analysis on an 

automated platform, it will be more sensitive than current FISH tests for assessment 

of chromosomal aberrations in HM.  
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Aim: The aims of this project were to develop an integrated 

immunophenotyping and FISH method on whole intact cells in suspension applicable 

for IFC. The method would be called “immuno-flowFISH”. The specific aims are:  

1. Develop immuno-flowFISH methodology for high-throughput combined 

modality automated imaging of cells in suspension from healthy human 

peripheral blood on the AMNIS ISX MKII – Chapter 2;   

2. Establish immuno-flowFISH methodology for the detection of numeric 

chromosomal abnormalities in CLL cells, focussing on chromosome 12 - 

Chapter 3;  

3. Establish immuno-flowFISH methodology for the detection of structural 

chromosomal abnormalities in CLL cells, focusing on deletions of 

chromosome 17p - Chapter 3; and  

4. Assess the sensitivity of immuno-flowFISH for clinical application in clinical 

decision-making in CLL – Chapter 3. 

 

The work performed in my PhD studies is presented in this thesis together 

with concluding remarks about future work and potential clinical applications. 
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Chapter 2: Development 

of Immuno-flowFISH 

Method 
 

2.1 Development of the Immuno-flowFISH Method 

 

The development of the immuno-flowFISH (IFF) method on healthy blood 

was approved by the University of Western Australia Human Research Ethics 

Committee (#RA/4/1/6708), in accordance with the Declaration of Helsinki. All 

immuno-flowFISH experiments were performed at the Translational Cancer 

Pathology Laboratory (University of Western Australia) at the Queen Elizabeth II 

Medical Centre.  

The key protocols involved in immuno-flowFISH include 

immunophenotyping of subpopulations as per standard flow cytometry techniques, 

permeabilisation of cell and nuclear membranes, acid denaturation of DNA and FISH 

probe hybridisation to genes of interest (e.g. centromeric and/or locus specific FISH 

on chromosome 12 and chromosome 17). A full overview of each optimised protocol 

and variations tested are summarised in Table 1. 

During protocol optimisation aliquots of cells were collected after 

immunophenotyping, permeabilisation, acid denaturation and hybridisation to 

evaluate cell integrity, performance of antibody-fluorophore conjugates and 

progressive changes to population size and resolution associated with immuno-

flowFISH processing. Each protocol variation tested and subsequent effect on cell 

morphology was assessed by light microscopy (LM) and transmission electron 

microscopy (TEM). Optimisation and validation of both immunophenotyping and 

probe hybridisation performance based on reagent selection and protocol variation 

were analysed using the AMNIS ImageStreamX MKII (AMNIS ISX MKII). 
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2.1.1 Preparation of Single Cell Suspensions and 

Immunophenotyping  

 

2.1.1.1 Leucocyte Isolation 

Peripheral blood from consented healthy volunteers (n=40) was collected by 

antecubital venepuncture into VACUETTE EDTA vacuum tubes (Greiner Bio-One 

Preanalytics, Frickenhausen, Germany). All peripheral blood or cell suspensions were 

washed with 1x phosphate buffered saline (PBS) which consists of 0.137M sodium 

chloride (NaCl; Sigma, Sydney, Australia), 0.0027M potassium chloride (KCl; 

Sigma), 0.01M di-sodium hydrogen phosphate (Na2HPO4; Ajax Finechem, Victoria, 

Australia) and 0.0018M potassium di-hydrogen phosphate (KH2PO4; Ajax Finechem) 

diluted in MilliQ water at pH 7.4.   

Leucocytes/peripheral blood mononuclear cells (PBMC) were prepared by 

density gradient centrifugation with Ficoll Paque PLUS density gradient, density 

1.077 g/ml (GE Healthcare, Chicago, USA) or by incubating whole blood with BD 

PharmLyse (BD Bioscience, Sydney, Australia) as per manufacturers’ instructions.  

In brief, Ficoll separation involved the dilution of 10ml of whole blood with 

5ml PBS (1:3 v/v, 15ml) and then carefully layered onto 10mL of 1.077g/ml density 

gradient. Blood/density gradient columns were then centrifuged at 400xg for 30mins 

at room temperature with “acceleration” and “brake” off. The buffy coat layer 

(PBMCs) was then isolated from the plasma gradient interface and washed in 3 

successive changes of PBS at 400xg for 10mins at room temperature. Isolated cell 

pellets were finally resuspended in PBS for further processing.  

For BD PharmLyse isolation of leucocytes, stock red cell lysis buffer was 

diluted in MilliQ water (1:10) and 10ml of diluted lysis buffer was added to 250uL of 

whole blood (1:40). This was incubated for 10mins at room temperature, with gentle 

vortexing throughout incubation. Red cell lysed whole blood was then washed in 3 

successive changes of PBS at 200xg for 10mins at room temperature. Isolated cell 

pellets were finally resuspended at a concentration of 5x106 cells/mL prior to further 

processing.  
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Table 1. Summary of optimised immuno-flowFISH protocol and the protocol variations analysed. 

Protocol Immuno-flowFISH  Protocol Variations 

A. Leucocyte/PBMC 

isolation 

1. RBC lyse with BD PharmLyse a buffered 

ammonium chloride-based lysing reagent at pH 7.1-

7.4 

2. Wash cells in PBS (no FBS or BSA) 

 Ficoll density gradient purification  

B. Stain surface 

antigens 

(immunophenotyping) 

3. Incubate 5x106 cells with fluorescently conjugated 

antibody as per manufacturer’s instructions for 

30mins at 4C 

4. Wash cells in PBS/2%FBS 

 Immunophenotyping post-isolation, post-fixation or post-hybridisation 

 Selection of antibody-fluorophores  

C. Cross-link antigen-

antibody complex 

5. Incubate in 1mM BS3 for 30mins at 4C (do not 

wash cells) 

 With or without BS3 crosslinking 

D. Quench cross-link 

reaction 

6. Incubate with 100mM Tris-HCl pH7.4/150mM 

NaCl and quench 20mins at 4C (do not aspirate) 

 Only necessary following BS3 crosslinking  

E. Fixation of cells 7. Add 4% formaldehyde with 0.1% Tween20, gently 

aspirate to mix and incubate for 10mins at RT 

8. Wash cells in PBS/2%FBS 

 Formaldehyde 0.5-4%; Carnoy’s fixative (methanol 3:1 acetic acid); 

methanol 50-70-100%; 70% methanol + 4% formaldehyde + 5% acetic 

acid; 50% methanol + 4% formaldehyde + 5% acetic acid; 70% 

methanol + 4% formaldehyde; 70% methanol + 5-25% acetic acid; 

formaldehyde 4% + 0.1% Tween20; 70% acetone  

F. Permeabilisation of 

cells 

9. N/A (combined with previous stage)  Formaldehyde; methanol; Tween20 solutions above 

 0.05 – 0.2% Tween20; 0.05 – 0.2% TritonX-100; 4% Saponin; 0.05 – 

0.2% Igepal 
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G. DNA denaturation 

(pre-hybridisation) 

10. Incubate in 0.5M HCl acid solution for 20mins at 

RT (do not wash) 

 Carnoy’s (methanol 3:1 acetic acid); 0.5-4M HCl; 5-25% acetic acid; 5-

15% DMSO; 70% acetone and 0.1ug/ml proteinase K 

H. Quench DNA 

denaturation 

11. Add ice-cold PBS, centrifuge at 600xg for 10mins 

and remove supernatant 

 Requirement subject to acid and proteinase K treatment above  

I. Block non-specific 

probe DNA binding 

12. Block sample in PBS/1%BSA 

13. Wash and remove supernatant  

 With or without PBS/1%BSA blocking stage 

J. Add FISH probe, co-

denature probe and 

DNA 

14. Resuspend in 0.1% Igepal in 2xSSC and transfer 

cells to 0.2ml maximum recovery PCR tubes 

15. Centrifuge at 950xg for 3mins and remove all excess 

buffer 

16. Resuspend in 7µL VCEP or VLSI hybridisation 

buffer (17p12 probe), 1-2uL MilliQ water and 1-2uL 

FISH probe (total 10uL) 

17. Denature probe and DNA at 73C or 74C (17p12 

probe) for 5mins 

 Denaturation temperatures of probe and cell DNA: 66oC; 73oC; 74oC; 

76oC; 78oC; 82oC 

 Heat denaturation duration of probe and cell DNA: 5 or 10mins 

 Composition of hybridisation buffers: 15% DMSO, 35% formamide, 

10% dextran sulphate, 0.1% Tween20, 2xSSC; 5% DMSO, Vysis CEP 

(VCEP) hybridisation buffer (55% formamide and 10% dextran 

sulphate in 1xSSC); Vysis LSI hybridisation buffer (VLSI) or 

SureFISH hybridisation buffer (SFHB) (50-75% formamide in 5-10% 

sodium chloride solution); in-house buffers - 50% formamide, 10% 

dextran sulphate, 0.1% Tween20 in 2xSSC; 45% formamide, 10% 

dextran sulphate, 0.1% Tween20, 2xSSC; 5% DMSO, 10% dextran 

sulphate, 0.1% Tween20, 2xSSC; 10% DMSO, 10% dextran sulphate, 

0.1% Tween20, 2xSSC; 15% DMSO, 10% dextran sulphate, 0.1% 

Tween20, 2xSSC; 15% formamide, 10% dextran, 0.1% Tween20, 

2xSSC; 15% formamide, 20% dextran, 0.1% Tween20, 4xSSC; 50% 

formamide, 10% dextran, 0.1% Tween20, 2xSSC; 15% ethylene 

carbonate, 20% dextran, 0.1%Tween20, 2xSSC  
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 Number of stringency washes at pre and post-hybridisation 

 Stringency wash composition: 0.1% or 0.3% Igepal in 0.1x or 0.4x or 

2x SSC 

 Probes analysed: Vysis CEP1-SO; CEP12-SO, Vysis CEP12-SG, Vysis 

CEP17-SG; Vysis CEP1-SO probes; locus specific probes Vysis LSI 

TP53-SO; SureFISH CEP1-OR; SureFISH 17p12 PMP22-OR 

 Number of probes per test: 1-2 

K. Hybridisation with 

FISH probe 

18. Hybridise at 37C for 16-24hrs for CEP analysis or 

24-30hrs for del17p analysis in a thermocycler 

 Hybridisation duration: 3hrs; 16hrs; 24hrs; 30hrs  

 Hybridisation temperature: 37 oC or 42 oC 

L. Stringency wash to 

remove excess FISH 

probe 

19. Wash with 0.1% Igepal in 2xSSC and remove 

supernatant 

20. Resuspend in 0.3% Igepal in 0.4xSSC (pre-warmed 

to 42°C) and incubate for 5mins at 42°C  

21. Wash cells in PBS/2% FBS 

 Stringency wash composition: 0.1% or 0.3% Igepal in 0.1x or 0.4x or 

2x SSC 

 Stringency wash temperature and duration: 42 oC or 73 oC for 2 or 

5mins 

M. Stain DNA to 

visualise the nucleus 

22. Resuspend in DNA stain such as 7AAD or SYTOX 

AADvanced (1:5 in PBS) and incubate for 30mins at 

RT 

 DNA stains: Hoechst 33342; SYTOX AADvanced; DRAQ7; RedDot 1; 

RedDot 2; 7AAD 

N. Analyse on AMNIS 

ISX MKII 

23. Analyse on an ISX MKII with 60x magnification 

and EDF, record 10,000-100,000 cells 

 As per published protocols for imaging cell cytometry [30] 

O. Analyse data  24. Open data file with IDEAS image analysis software  IDEAS software (AMNIS) for analysis of data acquired on the AMNIS 

ISX MKII 

P. Select images with 25. Graph brightfield image (Ch01) Gradient RMS in a  Standard AMNIS Begin Analysis wizard template 
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cells in focus  histogram and select images in focus 

Q. Select single cells 26. Graph focused cells in a brightfield (Ch01) Area v 

Aspect Ratio dot-plot and select single cells 

(exclude doublets and cell clumps) 

 Standard AMNIS Begin Analysis wizard template 

R. Select nucleated 

single cells 

27. Graph single cells in a DNA fluorescence intensity 

histogram 

 Standard AMNIS Begin Analysis wizard template  

S. Gate population/s of 

interest using 

fluorescence intensity 

of immunophenotypic 

markers 

28. Graph single nucleated cells in bi-colour 

fluorescence intensity plots and gate the populations 

of interest e.g. gate the CD3+CD19- T-cells and the 

CD19+ CD3- B-cells on CD19-BV480 versus CD3-

AF647 dot-plot 

 Standard AMNIS Begin Analysis wizard template 

T. Gate cells with FISH 

hybridisation “spots” in 

nucleus 

29. Graph single nucleated cells in bi-colour 

fluorescence intensity dot-plot of Sytox AADvanced 

DNA stain versus FISH probe and select single 

nucleated cells with hybridised probe signals 

 Standard AMNIS Begin Analysis wizard template 

U. Gate cells with FISH 

hybridisation “spots” in 

nucleus 

30. Use Similarity Feature calculation to determine co-

localisation of FISH probe spots with DNA 

fluorescence 

 Standard AMNIS Begin Analysis wizard template 

V. Calculate spot count 

for each population in 

sample 

31. Use Spot Count Feature calculation to count the 

number of FISH spots in each population based on 

immunophenotype. 

 Standard AMNIS Spot Count wizard template 
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W. Spot count 

fluorescence adjustment 

32. Graph 2-spot count population in a probe 

fluorescence intensity histogram and gate the 

fluorescence peak, apply this gate to the 1-spot 

population to confirm monosomy or disomy where 

spots are overlapping 

 Described by Minderman [34]  

X. Visually confirm all 

gated parameters and 

events 

33. Inspect image galleries collated by the IDEAS 

software of each defined parameter to confirm 

accuracy and precision of analysis strategy outlined 

above (gating) 

 Standard AMNIS Begin Analysis wizard template 

 
Abbreviations: BS3 - Bis(sulfosuccinimidyl)suberate, BSA – Bovine serum albumin, Ch – Channel, CEP - Chromosome enumeration probe, del(17p) – 

Deletion of short arm of chromosome 17, DMSO – Dimethyl sulfoxide, DRAQ7 - Deep red anthraquinone 7, EDF – Extended depth of field, FISH - 

Fluorescence in situ hybridisation, FBS - Foetal bovine serum, HCl – Hydrochloric acid, hrs – hours, IFC – Imaging flow cytometry, ISX MKII – 

ImageStreamX MarkII, mins – minutes, OR – OrangeRed, PBS – Phosphate buffered saline, PMP – Peripheral myelin protein, RBC – Red blood cell, RMS –

Root mean square, RT – Room temperature, SFHB – SureFISH hybridisation buffer, SG – SpectrumGreen, SO – SpectrumOrange, SSC – Standard Sodium 

Citrate, VCEP – Vysis chromosome enumeration, VLSI – Vysis locus specific identifier, 7-AAD - 7-Aminoactinomycin D.  

N.B. Samples should be protected from light throughout protocol. 
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All subsequent immuno-flowFISH processing of cell suspensions following 

isolation involved washing in PBS supplemented with 2% foetal bovine serum (FBS) 

(Gibco, Thermo Fisher Scientific, Sydney, Australia) at 950xg for 3mins at room 

temperature unless otherwise stated in protocol. All cell suspensions were processed 

in 1.5mL protein lo-bind tubes (Sigma) unless otherwise stated. 

 

2.1.1.2 Immunophenotyping and Stabilisation of Cell Surface Staining 

A number of epitopes to fluorophore combinations were evaluated in the 

development of the protocol in order to optimise staining of cell surface markers to 

reliably identify cells of interest (B and T-cells) by immuno-flowFISH. Specifically, 

CD3, CD5 and CD19 markers were used as per manufacturer’s recommendations for 

5x106 cells and their performance analysed following key stages in the protocol. All 

conjugate combinations tested in this study, including the specific laser excitation and 

detection channel used to collect the fluorescence for each on the AMNIS ISX MKII 

are outlined in Table 2.  

Mouse anti-human CD3 antibody clone SK7 was analysed with the following 

fluorescent conjugates: BD Horizon BB515 (BD Biosciences, Sydney, Australia); 

FITC (BD Biosciences); PE (BD Biosciences); BD OptiBuild BV480 (BD 

Biosciences); BD Horizon V500c (BD Biosciences); APC (BD Biosciences); AF647 

(Australian Biosearch, Perth, Australia); AF700 (Australian Biosearch); BD Horizon 

BV711 (BD Biosciences); APCH7 (BD Biosciences); APCFire750 (Australian 

Biosearch); and APCeFluor 780 (BD Biosciences).  

Mouse anti-human CD5 antibody clone UCTHC2 was analysed with the 

following fluorescent conjugates: BD Horizon BB515 (BD Biosciences); BD Horizon 

BV480 (BD Biosciences); and AF647 (Australian Biosearch). 

Mouse anti-human CD19 antibody clone SJ25C1 was analysed with the 

following fluorescent conjugates: BD OptiBuild BV480 conjugated mouse anti-

human CD19 (clone SJ25C1, BD Biosciences). Anti-CD19 antibody clone HIB19 

was analysed with the following fluorescent conjugates: BD Horizon BB515 (BD 

Biosciences); FITC (BD Biosciences); PECy7 (BD Biosciences); BD Horizon BV650 

(BD Biosciences); AF647 (Australian Biosearch); APC (BD Biosciences); APCH7 

(BD Biosciences) and APC elour780 (BD Biosciences). 
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Table 2. Antibody, DNA stain and FISH probe fluorophores evaluated for immuno-flowFISH analysis of healthy blood on the AMNIS ISX 

MKII. 

Excitation 

laser (nm) 

AMNIS ISX MKII 

channel* 

Emission 

wavelength (nm) 

Monoclonal Antibodies, DNA stains and 

FISH Probes  

488 Ch02 480-560 CD3-BB515**; CD5-BB515**; CD19-BB515**; CD3-FITC; CD19-FITC; Vysis CEP12-SG 

488/561 Ch03 560-595 CD3-PE; Vysis CEP1-SO; Vysis CEP12-SO; SureFISH CEP1-OR 

488/561 Ch05 640-745 SYTOX AADvanced; 7AAD 

561 Ch06  CD19-PECy7 

405 Ch07 430-505 CD3-BV480; CD5-BV480; CD19-BV480; Hoechst 33342 

405 Ch08 505-570 CD3-V500c 

647 Ch11 640-745 CD3-AF647; CD5-AF647; CD19-AF647; CD3-APC; CD19-APC; CD19-BV650; DRAQ7; 

RedDot2 

647 Ch12 745-800 CD3-APCH7; CD19-APCH;7 CD3-AF700; CD3-BV711; CD3-APCeFlour780; CD3-APCFire750; 

CD19-APCeFlour 780 

 

*Only channels relevant to the fluorophores tested are listed. ** CD3 clone SK7, CD5 clone UCTHC2, CD19 clones HIB19 and SJ25C1. Abbreviations: AF 

– Alexa Fluor, APC – Allophycocyanin, BB – Brilliant Blue, BV – Brilliant Violet, CEP - Chromosome enumeration probe, Ch - channel, FISH – 

fluorescence in situ hybridisation, FITC - Fluorescein isothiocyanate, ISX MKII – ImageStreamX MarkII, PE – Phycoerythrin, SG – SpectrumGreen, SO – 

SpectrumOrange, OR- OrangeRed, 7AAD - 7-Aminoactinomycin D DNA stain. 



 46 

Following immunophenotyping, samples were protected from light throughout 

immuno-flowFISH processing. For all protocol development variations, 5x106 cells 

were incubated with antibody cocktail for 30mins at 4ºC then washed with 

PBS/2%FBS and centrifuged at 950xg for 3mins. 

Some fluorophores such as FITC and tandem conjugates like PECy5 are 

known to be sensitive to acid treatment. Since this protocol requires acid denaturation 

of DNA prior to FISH, a stabilisation treatment was incorporated to improve the 

stability of fluorophore-conjugated antibody binding to cell surface antigens as 

described in Fuller et al 2016 [32]. Cells were incubated with the amine-to-amine 

cross-linking agent 1mM bis(sulfosuccinimidyl)suberate (BS3; Thermo Fisher 

Scientific, Sydney, Australia) in MilliQ water for 30mins at 4°C, as per 

manufacturer’s recommendations, before quenching in 100mM Tris-HCl 

pH7.4/150mM NaCl (Sigma) for 20mins at 4C.  

Compensation controls were prepared with 60uL of Simply Cellular anti-

mouse compensation beads (Bangs Laboratories Inc., Indianapolis, USA) incubated 

with fluorescently-conjugated antibody sufficient for 1x106 cells (as per 

manufacturer’s instructions). “Comp” beads were incubated for 30mins then washed 

by PBS/2% FBS to remove excess antibody and resuspended in 30uL PBS/2% FBS 

for analysis. Isotype and fluorescence minus one (FMOs) controls were prepared to 

determine gating of cell populations. In brief, 1x106 PBMCs were incubated with 

fluorescently-conjugated isotype or primary antibodies (as per manufacturer’s 

instructions) for 30mins then washed by PBS/2% FBS and resuspended in 30uL 

PBS/2% FBS for analysis.  

 

2.1.1.3 Fixation and Permeabilisation 

A number of fixation and/or permeabilisation methods were evaluated for 

optimal cell integrity and permeabilisation of the cell membrane as detailed in Table 

1E. These included: 0.5-4% formaldehyde (Thermo Fisher Scientific); 50-100% 

methanol (Sigma); mixed fix buffer (70% methanol/4%formaldehyde/5%acetic acid); 

0.05-0.2% Tween20 (Sigma); 0.1% TritonX-100 (Sigma); 0.05-0.3% Igepal (Sigma); 

Carnoy’s (methanol 3:1 acetic acid); and 4% formaldehyde with 0.1% Tween20. 

Fixation and permeabilisation solutions were evaluated at various temperatures and 
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incubation duration. After fixation and permeabilisation cells were washed with 

PBS/2%FBS and centrifuged at 950xg for 3mins prior to acid denaturation. 

 

2.1.2 FISH hybridisation 

 

2.1.2.1 Pre-hybridisation DNA Denaturation Treatment for FISH 

To determine the optimal probe hybridisation for FISH spot counting analysis, 

various DNA denaturation protocols and hybridisation buffer compositions were 

tested. Pre-hybridisation DNA denaturation methods evaluated include Carnoy’s 

(methanol 3:1 acetic acid); 0.5-4M hydrochloric acid (HCl; VWR, Sydney, Australia); 

5-25% acetic acid (Sigma); 5-15% dimethyl sulfoxide (DMSO; Sigma); 70% acetone 

(Sigma) and 0.1ug/ml proteinase K (Promega, Sydney, Australia). Pre-hybridisation 

heat denaturation of probe and cell DNA were evaluated at different temperatures of 

66oC, 73oC, 74oC and 82oC for 5-10mins based on manufacturer’s recommendations 

and published FISH protocols. The denaturation temperature of 73oC was 

recommended for chromosome enumeration probes (CEP) and locus specific copy 

number 17p probes by the manufacturer (e.g. Vysis CLL diagnostic FISH probe kit). 

Most standard slide-FISH and suspension FISH protocols describe the use of a 

denaturation temperature of 82oC using the same types of probes. 

 

2.1.2.2 Hybridisation Buffer, DNA Probe selection and Hybridisation conditions 

Different hybridisation buffer compositions were analysed to determine the 

optimal formulation for immuno-flowFISH analysis of cells in suspension. 

Hybridisation buffers consisted of DMSO, formamide (in-house and commercial) or 

ethylene carbonate-based hybridisation buffers with dextran sulphate (Sigma), sodium 

citrate (SSC) (Chem-Supply, Adelaide, Australia), Tween20 (Sigma) and MilliQ 

water as detailed in Table 1J. In brief these included: 15% DMSO, 35% formamide, 

10% dextran sulphate, 0.1% Tween20, 2xSSC; 5% DMSO, Vysis CEP (VCEP) 

hybridisation buffer that is 55% formamide and 10% dextran sulphate in 1xSSC 

(Abbott Molecular, Sydney, Australia); Vysis LSI hybridisation buffer (VLSI) 

(Abbott Molecular) or SureFISH hybridisation buffer (SFHB) which are 50-75% 

formamide in 5-10% sodium chloride solution (Agilent Technologies Dako, Sydney, 
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Australia); in-house FISH hybridisation buffers of 50% formamide (Sigma), 10% 

dextran sulphate, 0.1% Tween20 in 2xSSC; 45% formamide, 10% dextran sulphate, 

0.1% Tween20, 2xSSC; 5% DMSO, 10% dextran sulphate, 0.1% Tween20, 2xSSC; 

10% DMSO, 10% dextran sulphate, 0.1% Tween20, 2xSSC; 15% DMSO, 10% 

dextran sulphate, 0.1% Tween20, 2xSSC; 15% formamide, 10% dextran, 0.1% 

Tween20, 2xSSC; 15% formamide, 20% dextran, 0.1% Tween20, 4xSSC; 50% 

formamide, 10% dextran, 0.1% Tween20, 2xSSC; or 15% ethylene carbonate, 20% 

dextran, 0.1%Tween20, 2xSSC.  

Table 1J also details the FISH probes that were analysed: Vysis CEP1-

SpectrumOrange (SO), Vysis CEP12-SO, Vysis CEP12-SpectrumGreen (SG), Vysis 

CEP17-SG (Abbott Molecular), SureFISH CEP1-OrangeRed (OR) (Agilent 

Technologies) or locus specific probes Vysis LSI TP53-SO (Abbott Molecular) and 

SureFISH 17p12 PMP22-OR 458kb probe (Agilent Technologies) which is suitable 

for 17p13/TP53 detection.[91]. Different probe combinations were also evaluated. 

Briefly 1uL of each probe was used per test in 7uL of hybridisation buffer 

(formulation variations as described above in 2.1.2.2) with addition of MilliQ water to 

a total reaction volume of 10uL (i.e. 1 or 2uL depending on number of probes used) 

as per manufacturer’s instructions. Table 1K shows all the conditions for probe 

hybridisation tested and included hybridisation duration for 3hrs, 16hrs, 24hrs, or 

30hrs at either 37 oC or 42oC. Probe manufacturer instructions and most standard 

FISH protocols recommend hybridisation for all types of probes tested to be an 

overnight incubation of 16-24 hrs at 37oC.  

Table 1L outlines a number of washing sequences or buffers optimised to 

improve probe hybridisation specificity and resolution. This included a blocking wash 

consisting of PBS/1%Bovine Serum Albumin (BSA; Sigma) and a series of 

stringency washes consisting of 0.1% or 0.3% Igepal CA-630 in 0.1x or 0.4x or 2x 

SSC at pre and post-hybridisation. Stringency washes were also performed at 

different temperatures of 42 oC or 73 oC and for duration of 2 or 5mins.  

Table 1M describes the various DNA stains evaluated to confirm cell/nuclear 

permeability and enable distinct identification of the cell nucleus for FISH analysis, 

these included Hoechst 33342 (BD Bioscience); 7AAD (Thermo Fisher Scientific), 

SYTOX AADvanced (Thermo Fisher Scientific), DRAQ7 (BioStatus, Leicestershire, 

United Kingdom), RedDot 1 and RedDot 2 (Biotium Fisher Biotec, Perth, Australia). 
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DNA stains were used as per manufacturer’s instructions or were titrated during 

protocol development to detect nucleated cells. DNA stains were prepared in PBS as 

follows: 0.015uM DRAQ7, 1:200 RedDot1, 0.25ug/ml 7AAD and 0.2uM SYTOX 

AADvanced. Hoechst 33342 was used at 1ug/ml in MilliQ water and RedDot 2 was 

used as per manufacturer’s instructions. For all tests, 30uL of diluted DNA stain were 

added to a cell pellet and incubated for 30mins at room temperature protected from 

light. After incubation Hoechst 33342 and RedDot2 stained cells were washed and 

resuspended in 30uL PBS/2%FBS for analysis. Cells stained with DRAQ7, RedDot1, 

7AAD and SYTOX AADvanced were analysed directly after incubation without 

wash.  

FISH probe fluorophore performance was compared by analysing PBMC 

hybridised with 1uL Vysis CEP12-SG probe or 1uL Vysis CEP12-SO probe 

resuspended in 7uL Vysis CEP (VCEP) hybridisation buffer with 2uL MilliQ water. 

Dual chromosome analysis with two probes was analysed by hybridising PBMC with 

1uL Vysis CEP1-SO and 1uL CEP12-SG resuspended in 7uL VCEP hybridisation 

buffer with 1uL MilliQ water. All samples were then heated to 73°C or 74°C for 

5mins to denature DNA and ensure specific probe annealing before hybridisation at 

37°C in a Veriti thermocycler (Thermo Fisher Scientific) for 16-24 hrs. Following 

hybridisation, cells were first washed in a stringency solution composed of 0.1% 

Igepal in 2xSSC and transferred into Clearview lo-bind microfuge tubes (Sigma). A 

second stringency wash was performed in 0.3% Igepal 2xSSC for 5mins at 42°C and 

finally washed in PBS/2%FBS. Cells were then resuspended and stained with 

SYTOX AADvanced DNA stain (0.2uM in PBS, Thermo Fisher Scientific) for 

30mins at RT. Following nuclear DNA staining and without washing, cell 

suspensions was then analysed on an AMNIS ISX MKII. 

 

2.1.3 Immuno-flowFISH Analysis and Validation 

 

2.1.3.1 Imaging Flow Cytometry Acquisition 

All imaging flow cytometry analysis was performed on a two-camera ISX 

MKII, with INSPIRE v4.1 acquisition software (AMNIS, Merck Millipore, Seattle, 

USA). Excitation lasers used include 100mW 405nm, 50mW 488nm, 150 mW 561nm 

and 120mW 642nm. A 1.5mW 785nm laser was also used to provide a scatter signal 
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and measurement of SpeedBeads (AMNIS) for internal calibration. As shown in 

Table 3, two immuno-flowFISH panels designed for chromosome 12 enumeration 

were validated with healthy blood.  

Immuno-flowFISH antibody-fluorophore conjugate and FISH probe 

fluorophore excitation and emission detection for these panels were as follows: BD 

Horizon BB515 conjugated to CD5 (UCTHC2) and SYTOX AADvanced DNA stain 

were excited by the 488nm laser and emission captured in the range 480-560nm 

(Ch02) or 660-740nm (Ch05) respectively. BD OptiBuild BV480 conjugated to CD19 

(HIB19) and V500c conjugated to CD3 (SK7) was excited by the 405nm laser and 

emission captured in the range 430-505nm (Ch07) and 505-570nm (Ch08) 

respectively. AF647 conjugated to CD5 (UCTHC2) or CD3 (SK7) was excited by the 

642nm laser and emission captured in the wavelength range 640–745nm (Ch11).  

Vysis SpectrumGreen DNA probe conjugate was excited by the 488nm laser 

and emission captured in the range 480–560nm (Ch02). Vysis SpectrumOrange and 

SureFISH OrangeRed conjugated DNA probes were excited by the 561nm laser and 

emission captured in the range 560–595nm (Ch03).  

The highest image resolution configuration was used to capture all images of 

cells with 60x objective magnification and extended depth of field (EDF) imaging 

(16µm in focus range). Cells were identified in a scatter plot of the Aspect Ratio 

versus Brightfield Area (Ch01) and 10,000-100,000 cells were recorded per sample. 

Single stained Simply Cellular anti-mouse compensation standard controls and 

SYTOX AADvanced stained cells were analysed using identical laser settings in the 

absence of brightfield and 785nm laser illumination to calculate a compensation 

matrix using INSPIRE v4.1 software (AMNIS). A minimum of 1,000 Simply Cellular 

compensation particles or SYTOX AADvanced stained cells were recorded per 

control sample.  

 

2.1.3.2 IDEAS Analysis  

All immuno-flowFISH data analysis was performed using IDEAS v6.0 image analysis 

software (AMNIS) using compensated data. Data analysis was performed as per 

published protocols for imaging cell cytometry [30]. 
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Table 3. Immuno-flowFISH immunophenotype-genotype panels optimised with healthy blood for chromosome 12 enumeration on Amnis 

ImageStreamX mark II. 

Excitation 

laser (nm) 

AMNIS ISX MKII 

channel* 

Emission 

wavelength (nm) 

Fluorophore Biomarker  

    Healthy blood panel 1 Healthy blood panel 2 

N/A Ch01 BF N/A Cell morphology Cell morphology 

488 Ch02 480-560 BB515 or SG CD5-BB515** CEP12-SG 

488/561 Ch03 560-595 SO or OR CEP12-SO  

488/561 Ch05 640-745 SYTOX AADvanced Nuclear DNA Nuclear DNA 

405 Ch07 430-505 BV480 CD19** CD19 

405 Ch08 505-570 V500c  CD3 

647 Ch11 640-745 AF647 CD3** CD5 

*Only channels relevant to the fluorophores tested are listed. ** CD3 clone SK7, CD5 clone UCTHC2, CD19 clones HIB19 and SJ25C1. Abbreviations: AF 

– Alexa Fluor, BB – Brilliant Blue, BF – brightfield, Ch - channel, CEP - Chromosome enumeration probe, FISH – fluorescence in situ hybridisation, SG – 

SpectrumGreen, SO – SpectrumOrange, OR- OrangeRed.  
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The analysis protocol is summarised in Table 1 O-X, a full illustration of the 

sequential gating analysis is presented in Figure 7 on a representative healthy normal 

PBMC sample.  

The image focus quality was evaluated using the Gradient Root Mean Square 

RMS contrast feature, which generates a normalised pixel intensity gradient on 

captured images based on the brightfield channel (Ch01) (Figure 7A). Images with 

better focus quality have higher Gradient (RMS) values, which can be confirmed by 

visual inspection in the image gallery. A scatter plot of the Aspect Ratio versus 

brightfield Area identified single cells from debris or cell clumps based on high 

Aspect Ratio and low Area value (Figure 7B). A histogram based on nuclear DNA 

stain fluorescence intensity (i.e. SYTOX AADvanced) refined analysis to nucleated 

single cells by excluding cellular events with high fluorescence intensity (doublets 

and clumps) (Figure 7C). A fluorescence intensity bivariate plot of SYTOX 

AADvanced DNA stain versus Vysis CEP12-SpectrumOrange probe was used to 

identify single nucleated cells with hybridised probe signals (Figure 7D).  

To determine specific FISH probe signals colocalised in the nucleus of these 

cells, the Bright Detail Similarity feature was used (Figure 7E). This algorithm 

calculates based on the log transformed Pearson's correlation coefficient of the 

localised bright spots with a radius of 3 pixels or less within the masked area in two 

input images. The higher bright detail similarity indicates colocalisation of the two 

images (masks) of interest. Specific and colocalised Vysis CEP12 FISH probe signals 

hybridised within the nucleus marked by SYTOX AAD are indicated by a bright 

detail similarity of >0.65 and enables exclusion of non-specific probe hybridised to 

DNA adhered to the cell membrane from disrupted or dead cells.  

Populations of interest were gated based on differential 

expression/fluorescence intensity of CD19 (B-cells), CD5 (T-cells) and CD3 (T-cells) 

conjugated to panel specific fluorophores (Figure 7D). Evaluation and validation of 

immunophenotyping performance for cells based on antibody combinations and 

protocol stage or variation were determined by inspection of fluorescence intensity 

histograms and bi-color dot-plots. Specifically, the quantitative mean fluorescence 

intensity (MFI) values of positive and negative populations were determined and used 

to calculate a stain index (SI).  
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Stain Index = (MFI Positive - MFI Negative)/Standard Deviation Negative 

 

The SI takes into account signal intensity and background of negative 

populations attributed to non-specific staining, cellular/processing autofluorescence 

and instrument noise. The calculation involves the MFI value of the positively gated 

population minus the MFI value of the negatively gated population, divided by the 

standard deviation of the negatively gated population. Therefore, SI values provide a 

normalised assessment and standardised comparison of immunophenotyping 

performance; higher SI values reflect relatively better separation or signal resolution 

of positively stained subpopulations. The Similarity Feature was optimised to 

determine co-localisation of FISH probe signal with the nuclear DNA stain 

fluorescence within a masked region based on high similarity scores. This identified 

specific FISH probe signals within the nucleus and excluded non-specific probe 

hybridised to DNA adhered to the cell membrane from disrupted or dead cells. The 

Spot Count Feature was then optimised to count the number of CEP12-SG (Ch02) or 

CEP12-SO (Ch03) probe “spots” per cell using an algorithm that takes into account 

the spot pixel intensity to cell background ratio and the radius of the spots. This 

automated image feature utilises a Spot Mask (Bright 17.5) that specifically examines 

the connectivity of each pixel based on whether it is connected to a particular spot or 

the background to quantify the number of specific FISH signals per channel/probe 

(Figure 7E-F).  

Software generated spot counts were further quantitatively verified by single 

parameter histograms comparing the measured fluorescence intensity of FISH signals 

for each of the spot count populations (i.e. 1-spot versus 2-spot versus 3-spot) [34]. 

An example of this analysis is illustrated in Figure 17B (Section 2.2.3.1), as 

represented in a normal healthy PBMC sample.  

Changes in measured fluorescence intensity correspond to the number of 

hybridised probes, this allows correction for overlapping signals inherent in 2-

dimensional image projections and non-specific or unsaturated signals to determine 

the true number of specific FISH spots and reliable distinction of monosomy (1-spot), 

disomy (2-spots) and trisomy (3-spots) subpopulations.  

All parameters and events defined by quantitative fluorescence intensity and 

image analysis features (gates) described above were visually verified by inspecting 
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IDEAS collated image galleries. This was used to optimise and confirm software 

generated spot-count galleries (i.e. match spot count numbers actually observed in the 

nucleus) in phenotypically identified cells as well as co-localisation in dual probe 

analysis (i.e. CEP17 and 17p12). Overall this enables FISH analysis to be accurately 

correlated to cell immunophenotype (Figure 7G). This also enables the calculation of 

mean spot counts and ratios per probe within phenotypically identified subpopulations 

to reliably normalise FISH interpretation for CLL cases (Chapter 3). 

 

2.1.3.3 Light Microscopy  

Standard microscopy was utilised to analyse progressive morphological 

changes and cell integrity during immuno-flowFISH processing. Aliquots of cells 

were collected after immunophenotyping, permeabilisation, acid denaturation and 

hybridisation. Cells for analysis were pelleted, washed at 950xg for 10mins then re-

suspended in PBS and loaded into a Shandon™ EZ Single Cytofunnel™ (Thermo 

Fisher Scientific). The cell suspension was cytocentrifuged on to a glass slide using a 

Shandon CytoSpin 4™ centrifuge (Thermo Fisher Scientific) at medium acceleration 

for 10mins at 1000RPM. The glass-immobilised cells were then stained with Kwik-

Diff™ Romanowsky staining kit (Thermo Fisher Scientific) as per manufacturer’s 

instructions. Cells of interest were identified at varying magnifications (x20; x40; 

x60) using a BX53 Olympus upright light microscope (Olympus, Tokyo, Japan) and 

photographed with a Pixera Pro 600ES camera (Pixera Corporation, California, USA). 

 

2.1.3.4 Transmission Electron Microscopy (TEM)  

Transmission electron microscopy was utilised to assess the progressive 

changes to cellular ultrastructure associated with immuno-flowFISH processing. 

Aliquots of cells were collected after immunophenotyping, permeabilisation, acid 

denaturation and hybridisation for TEM analysis. Cell suspensions were fixed 

overnight in 4% (v/v) glutaraldehyde in 0.1M PBS (Sigma). After overnight fixation, 

samples were washed and resuspended in 6% (v/v) BSA with 4% (v/v) glutaraldehyde 

in PBS and allowed to set for at least 4hrs. The gel embedded samples were then post-   
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Figure 7. Immuno-flowFISH gating and analysis strategy used for method optimisation and 

validation of cellular analysis in a representative sample of healthy human peripheral blood 

mononuclear cells (PBMCs).  (A) In focus cells were identified based on the Gradient Root 

Mean Square (RMS) contrast feature, which captured in focus images of cells identified by 

high normalised pixel intensity gradient (RMS values) derived from the brightfield channel 

(Ch01). (B) A scatter plot of the Aspect Ratio versus brightfield Area was used to identify 

single cells from debris or cell clumps based on high Aspect ratio and low Area value. (C) A 

fluorescence intensity histogram based on SYTOX AADvanced nuclear staining (Ch05, 642- 

745nm) was used to refine analysis to nucleated non-dividing single cells by excluding 

cellular events with high fluorescence. (D) A bivariate plot of Sytox AADvanced DNA stain 

fluorescence intensity (Ch05, 642- 745nm) versus Vysis CEP12-SpectrumOrange probe 

fluorescence intensity (Ch03, 480- 560nm) was used to identify single nucleated cells with 

hybridised probe signals. (E) The Bright Detail Similarity feature was used to determine 

specific and colocalised Vysis CEP12 FISH probe signals within the nucleus of cells marked 

by Sytox AADvanced mask, which are indicated by a bright detail similarity of >0.65. (F) 

Differential cell surface expression of CD19-BV480 (Ch07, 430-505nm) and CD3-AF647 

(Ch11, 642-745nm) was used to identify 3.03% B-cells (CD19+ CD3-) and 52.1% T-cells 

(CD19- CD3+) respectively. (G-H) Spot counts were then performed on each subpopulation 

using a “peak mask” on CEP12-SpectrumOrange FISH probe (Ch03, 560-595nm) with an 

algorithm that takes into account the signal to background ratio, diameter of the spots and co- 

localisation with the SYTOX AADvanced fluorescence (Ch05, 642-745nm) nuclear mask to 

enumerate specific hybridisation spots. This feature determines the number of 1-spot, 2-spot 

and 3-spot cells in each phenotypically identified subpopulation prior to quantitative 

verification by fluorescence intensity analysis of spot count categories (i.e. correcting for 

overlapping spots). (I) Subpopulations gated by immunophenotype or spot count can be 

viewed in image galleries to confirm quantitative analysis: cells 102 and 111 are CD19 

negative, CD3 positive, disomy 12 T cells; cell 349 and 476 are CD19+ CD3- disomy 12 B 

cells. Overlay images are a merge of the cell surface immunophenotype, CEP12 probe and 

SYTOX AADvanced fluorescence images. Data is based on 20,000 cells analysed.  

Abbreviations: AF – Alexa Fluor, BV – Brilliant Violet, Ch - channel, CEP - Chromosome 

enumeration probe, FISH – fluorescence in situ hybridisation, SO – SpectrumOrange.  CD3 

clone SK7 and CD19 clone HIB19 

 

fixed In 1% (w/v) osmium tetroxide (Sigma) dissolved in PBS, dehydrated 

sequentially in double in solutions of 25%, 50%, 70%, 100% ethanol and super dry 

100% ethanol (LabServ, Thermo Fisher Scientific). Following ethanol dehydration, 
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samples were treated with propylene oxide (Sigma) and embedded in resin by gradual 

infiltration with araldite (Agar Scientific, Essex, UK). Thin sections were cut on a PT-

XL PowerTome Ultra-microtome (RMC Boeckeler, Hin Sci Pty. Ltd., Sydney, 

Australia) at 90-100nm thickness and mounted on copper grids, then contrasted with 

uranyl acetate (Agar Scientific) and lead acetate (Sigma). Grids were examined on a 

JEOL JEM1400 transmission electron microscope (JEOL UK Ltd., Welwyn Garden 

City, UK) at 80 keV. Both intact and not intact cells were viewed and images 

captured on a GATAN Orius 11Mp digital camera (Gatan, California, USA) for 25-30 

cells per grid.  

 

2.2 Results: Analysis of Immuno-flowFISH Method 

Variations 

 

During development of the immuno-flowFISH protocol each variation tested 

was assessed by imaging flow cytometry (IFC), light microscopy (LM) and 

transmission electron microscopy (TEM) to determine the effect on cell morphology, 

immunophenotyping and/or FISH probe spot count. 

 

2.2.1 Reliable Preservation of Morphologically Intact Single Cells in 

Suspension 

 

2.2.1.1 Preparation of Single Cell Suspensions – Reliable Isolation from Blood  

Two cell isolation methods were utilised in the development and validation of 

the immuno-flowFISH protocol as shown in Table 4. To compare and confirm the 

utility of these well-established isolation methods within the immuno-flowFISH 

protocol, cells were isolated from the same donor and analysed with CD3-BB515 (T-

cells) and CD19-BV480 (B-cells). These were analysed immediately after staining on 

the ISX MKII to determine the reliability of T and B-cell isolation associated with 

this technique. The proportion of lymphocytes was found to differ depending on 

which isolation method was used. Ficoll separation provided a purer population of 
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lymphocytes, as only PBMC were isolated from the buffy coat layer established from 

differential density separation. Cell isolation by BD PharmLyse was achieved by lysis 

of all red cells thereby pooling the majority of leucocytes for analysis, i.e. PBMCs 

and granulocytes, resulting in the lower purity of lymphocytes isolated compared to 

gradient separation. These differences are in keeping with current literature, and 

regardless of isolation method the proportion of T and B-cells was within the 

expected range established by numerous studies using these methods for healthy 

human blood. There were no significant differences in immunophenotyping efficiency 

between the two isolation methods. This is shown by the very similar mean 

fluorescence intensity (MFI) and stain index (SI) for the differentiation of T and B-

cells with either method. 

 

Table 4. The comparison and validation of cell isolation methods used in immuno-

flowFISH development with healthy whole blood. 

Isolation Method T-cells (CD3+) B-cells (CD19+) Expected Ranges 

Ficoll Paque Plus 

density gradient 

1.077g/ml  

(PBMCs) 

58.2% 

MFI: 223,336 

SI: 231 

10.1% 

MFI: 95,789 

SI: 324 

T-cells = 45-70% 

B-cells = 5-15% 

[107] 

BD PharmLyse red 

cell lysis buffer  

(All leucocytes) 

18.6% 

MFI: 218,982 

SI: 218 

4.2% 

MFI: 93,765 

SI: 318 

T-cells = 7-24% 

B-cells = 1-7% 

[108] 

 

Ficoll Paque Plus density gradient separation was preferred for immuno-

flowFISH optimisation as it was more economical and isolated a purer population of 

lymphocytes for protocol development. BD PharmLyse was used to isolate cells for 

translational validation of immuno-flowFISH on clinical samples (Chapter 3) as there 
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is minimal loss of cells during processing which is preferred for leukaemia detection 

and Minimal Residual Disease (MRD) analysis. 

 

2.2.1.2 Effect of Fixation and Permeabilisation on Cell Morphology  

A number of fixation and permeabilisation protocols were tested and 

optimised for the preservation of whole intact cells in suspension for immuno-

flowFISH assessment by IFC. These are outlined in Tables 5-6 and in Figures 8-10. 

Carnoy’s fixative and derived buffer formulations (methanol + acetic acid +/- 

formaldehyde) were tested in the protocol as a primary fixative and permeabilisation 

method. All fixation protocols containing methanol only (50-100%) resulted in 

complete loss of cells during processing despite excellent cell morphology following 

fixation. Carnoy’s fixative (75% methanol + 25% acetic acid) produces significant 

alterations to cells such as disruption of the cell membrane, cytoplasm and nucleus, 

but enables cells to remain intact upon processing. Any decrease in acetic acid 

concentration (i.e. 5% acetic acid) with methanol results in poor preservation of cell 

morphology upon further processing despite improved post-fixation morphology of 

cells. Addition of 4% formaldehyde to lowered acetic acid formulations with 

methanol (i.e. 70% methanol + 4% formaldehyde + 5% acetic acid) results in 

significantly better preservation of cells throughout processing, though distinct 

changes in size and shape of cell morphology post-fixation were still evident and 

there is still some cell loss regardless of further processing. Incorporation of other 

solvent based fixatives such as DMSO and acetone with methanol produced largely 

poor preservation of cells and cell loss regardless of further processing. 

Alternate flow cytometry-based protocols that involved formaldehyde fixation 

and Tween20 permeabilisation were also assessed. The formaldehyde concentrations 

tested (0.5-4%) produced minimal morphological changes or distortion upon 

treatment, 4% formaldehyde demonstrated minimal cell loss and clumping with the 

best preservation of cellular integrity. Tween20 at 0.05–0.2% provided minimal or 

negligible changes to cell morphology and integrity whether it was used as a stand-

alone treatment or combined with formaldehyde. Overall 4% formaldehyde + 0.1% 

Tween20 combined as a single fixation/permeabilisation solution (Figure 7A and 

Figure 8A) provided the best results for cellular preservation out of all fixation and 
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permeabilisation protocols tested in terms of morphological preservation and cell loss 

minimisation.  

 

2.2.1.3 Effect of DNA Denaturation Protocols for FISH on Cell Morphology  

All variations in DNA denaturation protocols developed for FISH optimisation 

were determined to have a profound effect on cell morphology, ultrastructure, sub-

cellular structures and single cell preservation immediately after treatment. 

Acid based denaturation included acetic acid (5-25%) in Carnoy’s based 

fixation and hydrochloric acid (HCl; 0.5-4M) as an independent pre-hybridisation 

protocol. Acetic acid caused some distortion to the cell membrane (thinning, 

raggedness and degradation or loss), disruption of cytoplasmic sub-cellar structures 

and loss of organisation of nuclear contents. Despite these effects’ cells remained 

intact during further processing. HCl denaturation at high concentrations (4M) caused 

marked changes to cell morphology and the greatest distortions to the cell membrane. 

Large loss of cells and increased cell clumping/debris were also evident at 4M HCl 

regardless of initial fixation and permeabilisation protocol as shown in Figure 8C and 

Figure 9B however the deleterious or degradative effects of HCl denaturation 

significantly improved upon titration to 0.5M HCl.  

Enzyme-based denaturation of DNA utilising proteinase K (0.1ug/ml) 

digestion produced significant cell loss and morphologic distortion. The remaining 

intact cells were susceptible to further damage during processing resulting in 

increased cell lysis.  

Heat based co-denaturation of probe and target cellular DNA prior to 

hybridisation was shown to induce significant morphological changes in cell 

suspensions. At temperatures of 73oC and 74oC (5mins incubation) with 24hrs 

hybridisation at 37oC, most cells remain intact however there were still changes to the 

general morphology of cells as shown in Figure 8D and 9C-D. In addition, the nuclei 

had disaggregated or diffuse chromatin which gave the morphological appearance of 

rounder and larger cells. These changes were minimised with a reduction in 

temperature to 66oC (5mins incubation) and gave the best morphological preservation 

prior to hybridisation. In contrast, at 82oC (5mins incubation) and 73oC (10mins 

incubation) the deleterious effects of heat were more profound resulting in greater 
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degradation of the remaining outer membrane and nuclear disruption of intact cells, 

with significantly greater cell loss and increased debris. There was also greater 

cellular distortion at these temperature conditions. Overall the morphology of PBMC 

were best preserved with 0.5M HCl acid denaturation and 66/73oC (5mins incubation) 

with 24hr hybridisation at 37oC. Despite microscopy techniques showing clear 

evidence of cumulative changes in morphology throughout processing with this 

regimen, the changes were consistent across almost the entire cell suspension. This 

resulted in the acquisition of >90% of events as intact single cells (as defined by the 

Area versus Aspect ratio feature), consistent throughout processing protocols as 

detected by the AMNIS ISX MKII and shown in Figure 10A-D. 

 

2.2.2 Reliable Immunophenotyping of Cell Subpopulations 

 

2.2.2.1 Optimal Fixation and Permeabilisation Protocol for Immunophenotyping 

Antibody-fluorophore combinations were selected and tested based on 

flexibility of panel design with other key markers and probes. Aliquots were removed 

for analysis on the AMNIS ISX MKII after cell surface antibody staining, fixation 

and permeabilisation, acid denaturation and hybridisation for comparison of staining 

profiles of CD3, CD5 and CD19 subpopulations to determine performance in the 

protocol. As fixation and permeabilisation was a critical protocol component of 

preserving cell morphology and sub-structures, further testing of fixation protocols 

was critical for accurate immunophenotyping of cell subpopulations. As shown in 

Table 5-7, while Carnoy’s fixative or similar in-house developed formulations 

provided cellular preservation, they were not compatible with immunophenotyping as 

it caused critical loss of fluorescence intensity and resolution (i.e. SI) of all cell 

surface markers tested and also coincided with increased autofluorescence (Table 7E-

F). Furthermore, high acid denaturation concentration (i.e. 4M HCl) and high 

denaturation temperature (i.e. 82oC) were also the most significant cause for the loss 

of fluorescence intensity, stain index and cell subpopulations irrespective of fixation 

and permeabilisation method (Table 7A-B). 
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Table 5. Morphological validation of healthy human PBMC by conventional FISH based protocols (Carnoy’s) for Immuno-flowFISH 

development 

Fixation and 

Permeabilisation* 
Denaturation** 

Probe/DNA denaturation 

treatment (extra)/temp + 

hybridisation (°C)*** 

Assessment and comments 

Based on light microscopy/Transmission electron microscopy 

50% MeOH Increasing cell loss and clumping, distortion of morphology upon further processing 

70% MeOH 4M HCl Excellent morphological preservation post-fixation, large cell loss post denaturation 

100% MeOH 4M HCl As per above 

75% MeOH + 25% AA (Carnoy’s)* 82 

Most cells preserved and intact throughout processing (some loss), 

significant morphology distortions post-hybridisation (e.g. ragged cell 

membrane and distortion of cell shape) 

75% MeOH + 25% AA (Carnoy’s)* 73 
As per above however better morphological preservation post-

hybridisation compared to denaturation temp of 82°C 

95% MeOH + 5% AA* 
Slight morphological change post-fixation/denaturation (adequate preservation), increasing cell loss and 

morphological distortions upon further processing 

70% MeOH + 5% AA* As per above 

70% MeOH + 4% FA + 5% AA* 66^^^ 

Distinct morphological change post-fixation/denaturation, cells 

suspensions mostly preserved/intact throughout processing, and have 

monotonous morphology due to consistent membranous, cytoplasmic and 

nuclear (ultrastructural) alterations across all cells post-hybridisation 

70% MeOH + 4% FA + 5% AA* 73 As per above 

70% MeOH + 4% FA + 5% AA* 73^^^ 
As per above however greater morphology distortions post-hybridisation 

(i.e. ragged cell membrane and distortion of cell shape) 

70% MeOH + 4% FA + 5% AA* 82 As per above however greater morphology distortions post-hybridisation 
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(i.e. ragged cell membrane and distortion of cell shape) 

70% MeOH + 4% FA + 5% AA* 1M HCl 73 

Distinct morphological change post-fixation/denaturation, cells 

suspensions mostly preserved/intact throughout processing, and have 

monotonous morphology due to consistent membranous, cytoplasmic and 

nuclear (ultrastructural) alterations across all cells post-hybridisation 

70% MeOH + 4% FA + 5% AA* 0.1ug/ml PK^^ 73 

Good morphological preservation post-fixation, large cell loss and 

amounts of debris with morphology distortions (warped cellular shape) 

post denaturation and post hybridisation with remaining intact cells 

4% FA + 5-25% AA* Significant cell loss, distortion of morphology and cell clumping post fixation/denaturation 

50% MeOH + 50% Acetone * Increasing morphological distortion, significant cell loss and clumping– stopped processing 

50% MeOH + 50% Acetone^ 
Slight morphological change post-fixation/denaturation, significant cell loss and morphological distortions 

upon further processing – stopped processing 

50% MeOH + 50% DMSO* Increasing cell loss, distortion of morphology and clumping 

70% MeOH + 25% DMSO* Excellent morphological preservation but then increasing cell loss, distortion of morphology and clumping 

70% MeOH + 10% DMSO* As per above 

70% MeOH + 5-15% DMSO + 5% AA +4% FA* 73 

Distinct morphological change post-fixation/denaturation, cells 

suspensions mostly preserved/intact throughout processing, and have 

monotonous morphology due to consistent membranous, cytoplasmic and 

nuclear (ultrastructural) alterations across all cells post-hybridisation 

 

Abbreviations: FA – formaldehyde, HCl – hydrochloric acid, MeOH – Methanol, AA – Acetic acid, DMSO – Dimethyl sulfoxide, PK – Proteinase K 

*10mins at 4oC       **20mins at room temperature *** 5mins heat denaturation and 16-24hrs hybridisation 

^2mins at 4oC       ^^10mins at 37oC    ^^^10mins heat denaturation and 16-24hrs hybridisation  
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Table 6. Morphological validation of healthy human PBMC by Flow-FISH based protocols (with modifications) tested for Immuno-flowFISH 

development 

Fixation* Permeabilisation** Denaturation*** 

Probe/DNA 

denature temp + 

hyb (°C)**** 

Assessment and comments 

0.5% FA 0.05%Tw20 4M HCl 66 

Excellent morphological preservation post-fix and permeabilisation, some 

cell loss post denaturation with monotonous changes to the cell 

membrane, cytoplasm and nucleus across all cells (e.g. ultrastructural), 

significant cell loss, clumping and debris post-hybridisation 

0.5% FA 0.05%Tw20 4M HCl 73 As per above – changes to nuclear structure more evident 

0.5% FA 0.05%Tw20 1M HCl 73 

As per above however with significantly less cell loss post-denaturation 

and post-hybridisation compared to 4M HCl, monotonous morphology 

change was still observed 

0.5% FA 0.1%Tw20 4M HCl 73 

Excellent morphological and cellular preservation until 4M HCl 

denaturation (above), significant cell loss, clumping and debris with 

significant nuclear distortion/degradation post-hybridisation 

0.5% FA 0.1%Tw20 1M HCl 73 

As per above however with much less cell loss post-denaturation and post-

hybridisation compared to 4M HCl, monotonous morphology changes still 

evident, distortions to the nucleus present however less severe  

1% FA 0.05%Tw20 4M HCl 73 

Excellent morphological and cellular preservation until 4M HCl 

denaturation (above) with cell loss, clumping and debris increasing post-

hybridisation 

1% FA 0.05%Tw20 4M HCl 66 As per above 
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1% FA 0.1%Tw20 4M HCl 66 As per above 

1% FA 0.1%Tw20 4M HCl 73 As per above 

1% FA 0.2%Tw20 4M HCl 73 As per above 

4% FA 0.1%Tw20 4M HCl 66 

Excellent morphological and cellular preservation until 4M HCl 

denaturation (above), with cell loss, clumping and debris post-

hybridisation but less than 1%FA protocols, cells have distinct and 

monotonous morphological changes to the cell 

4% FA 0.1%Tw20 4M HCl 73 As per above 

4% FA 0.1%Tw20 1M HCl 66 

Excellent morphological and cellular preservation, slight morphological 

changes after denaturation, cell suspensions well preserved post-

hybridisation with evident monotonous morphological change to cell 

membrane, cytoplasm and nucleus though bare less degradation 

4% FA 0.1%Tw20 1M HCl 73 As per above 

4% FA 0.1%Tw20 0.5M HCl 73 As per above 

4% FA 0.05%Tw20 1M HCl 73 As per above 

4% FA** 1M HCl 73 As per above 

4% FA + 0.1%Tw20 (combined)** 1M HCl 73 As per above 

4% FA + 0.1%Tw20 (combined)** 0.5M HCl 73 As per above 

4% FA 0.1% TritonX-100 4M HCl 73 As per above 

4% FA  0.05% Igepal 4M HCl 73 As per above 

4% FA  0.1% Igepal 4M HCl 73 As per above 

4% FA 0.3% Igepal 4M HCl 73 As per above 

Abbreviations: FA – formaldehyde, HCl – hydrochloric acid, Igepal – Igepal CA-630, M – Molar, Tw20 – Tween20, hyb – hybridisation 

*5mins at room temperature, **10mins at room temperature, ***20mins at room temperature, ****5mins heat denaturation and 16-24hrs hybridisation at 

37oC 
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Figure 8.  Analysis of the morphology of cells following cytocentrifugation and Romanowsky staining 

showing progressive changes in cell morphology. (A) Untreated PBMC showing lymphocytes with 

normal morphological appearance. (B) Minimal morphological changes were observed after 4% 

formaldehyde + 0.1% Tween20 fixation and permeabilisation. (C) Significant changes to the appearance 

of cells after 4M hydrochloric acid DNA denaturation. (D) After overnight probe hybridisation the 

nucleus appears more diffuse and spread (larger) with only remnants of the cell membrane still visible. 

Cells were Romanowsky stained and images taken at x400 magnification on a BX53 Olympus upright 

light microscope with a Pixera Pro 600ES microscope camera. 
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Figure 9. Transmission Electron Microscopy analysis of progressive morphological changes of cellular 

ultrastructure attributed to the immuno-flowFISH method. Images derived from a representative 

experiment demonstrate that cells remained intact after (A) 4% formaldehyde + 0.1% Tween20 fixation 

and permeabilisation. (B) Ultra-structural changes were observed after 4M hydrochloric acid denaturation 

with significant distortion or reduction of the cell membrane/cytoplasm and a more disaggregated or 

fragmented nucleus. (C-D) After overnight probe hybridisation there was further cell damage with loss of 

the membrane and intracellular components. There is evidence of reorganisation or aggregation within the 

nucleus. Images were taken with a JEOL JEM1400 transmission electron microscope coupled with a 

GATAN Orius 11Mp digital camera at x15000 (A, C and D) and x20000 (B).  
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Figure 10. Amnis ImageStreamX Mark II brightfield analysis (x40) of progressive changes to cell 

appearance during immuno-flowFISH analysis. Images were generated from cell suspensions from a 

representative experiment. (A) Fresh peripheral blood mononuclear cells (PBMCs) immediately after 

isolation. (B) Cells remained intact and relatively well preserved after 4% formaldehyde (FA) + 0.1% 

Tween20 fixation and permeabilisation. (C) Cells become more monotonous in appearance after acid 

denaturation. (D) After overnight probe hybridisation cells continue to look monotonous as evidence of 

consistent and marked changes to the cell membrane, cytoplasm and nucleus throughout processing, and 

appear larger and rounder.  
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The importance of fixation and permeabilisation for immunophenotyping was 

highlighted in the identification of T-cells with CD3-BB515 (clone SK7). This 

involved the assessment of freshly stained samples with two primary fixation and 

permeabilisation protocols verified for cellular preservation. As shown in Figure 

11A, 70% methanol + 4% formaldehyde + 5% acetic acid treatment alone caused 

significant loss in the ability to identify positive stained cells from negative. 

Specifically, this corresponded to an almost 70-fold decrease in stain index (SI) from 

221 to 3.16. As a result, there was a decrease in the percentage of positively stained 

T-cell subpopulations (from 58.7% to 47.2%). Successive immuno-flowFISH 

processing resulted in further decreases in T-cell identification accuracy after 0.5M 

HCl acid denaturation (41.3%) and after 73oC (5mins) heat denaturation and 24hr 

hybridisation at 37oC (32.9%).  

In the same experiment (Table 7C-D and Figure 11B), 4% formaldehyde + 

0.1% Tween20 fixation and permeabilisation showed the preservation of the CD3-

BB515 positive T-cells (52.4%) throughout immuno-flowFISH processing. Despite 

decreases in MFI and SI (221 to 140) after 0.5M HCl acid denaturation; CD3-BB515 

positive T-cell was still reliably identified (55.2%). The SI decreased two-fold (140 to 

74) after 73oC (5mins) heat denaturation and 24hr hybridisation at 37oC, however 

CD3-BB515 positive T-cells were still reliably preserved and identified (58.7%). The 

greatest decrease in the resolution of positive populations were observed post-

hybridisation compared to all other previous processing protocols as evidenced by 

significantly reduced MFI and SI after this protocol stage. The reduction in the SI 

throughout the protocol was caused by not only decreases in MFI (from 223,615 to 

84,678 post-hybridisation) but also an increase in background/autofluorescence of 

negative populations. Specifically, the autofluorescence of negative populations 

significantly increases post-hybridisation as detected in particular in Ch02 (480-

560nm) range. 

In summary immuno-flowFISH protocol consisting of 4% formaldehyde + 

0.1% tween20, 0.5M HCl acid denaturation and 73oC (5mins) heat denaturation and 

24hr hybridisation at 37oC was deemed optimal for: 

1. Preservation of cells  

2. Compatibility with many fluorophores  

3. Generated reliable identification of lymphocyte subsets 
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Table 7. Optimisation of various immuno-flowFISH protocols for reliable immunophenotyping. For all protocols BS3 crosslinking was used to 

stabilise antibody-epitope binding following cell surface staining to help preserve immunophenotype. Aliquots were removed and analysed to 

determine antibody performance based on specific protocol stages. CD3-BB515 (SK7) and CD19-BB515 (HIB19) were used to evaluate 

protocol performance due to the high-resolution of these markers in the quantification of T-cells and B-cells respectively. This is shown by the 

mean fluorescence intensity (MFI) of positive gated populations and normalised stain index (SI) of CD3/CD19-BB515 for each immuno-

flowFISH protocol variation. 

Fixation Permeabilisation Denaturation 
Probe/DNA denature 

temp + hyb (°C)**** 
Assessment and comments 

1% FA* 

0.05%Tw20** 

 

CD3+ T-cells: 58.3% 

 

MFI= 216,169  SI= 214 

 

CD19+ B-cells: 7.23% 

 

MFI= 90,100   SI= 299  

4M HCl*** 

 

CD3+ T-cells: 32.1% 

 

MFI= 21,499   SI= 19  

 

CD19+ B-cells: 2.21% 

 

MFI= 16,555   SI= 5 

73°C 

Complete loss of 

lymphocyte resolution 

and overall major cell loss 

(A) High resolution of lymphocytes after fixation and 

permeabilisation for almost all markers. Unreliable 

immunophenotyping after denaturation through significant 

loss of cell number and complete loss of specific immuno-

fluorescence for almost all markers. 

4% FA* 

0.1%Tw20** 

 

CD3+ T-cells: 52.4% 

 

MFI= 220,281  SI= 218 

4M HCl*** 

 

CD3+ T-cells: 37.3% 

 

MFI= 30,202  SI= 28 

66°C 

 

CD3+ T-cells: 22.4% 

 

MFI= 21,499  SI= 19  

(B) As per above however there is slight improvement in the 

resolution and identification of lymphocytes after 

hybridisation. Overall immunophenotyping remains 

unreliable after denaturation (e.g. >10-fold reduction in 

fluorescence intensity for BB515). 
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CD19+ B-cells: 7.23% 

 

MFI= 85,934   SI=285 

 

CD19+ B-cells: 1.98% 

 

MFI= 20,566  SI= 18 

 

CD19+ B-cells: 2.21% 

  

MFI= 16,555   SI= 5 

4% FA* 

0.1%Tw20** 

 

CD3+ T-cells: 52.4% 

 

MFI= 220,281  SI= 218 

 

CD19+ B-cells: 7.23% 

 

MFI= 85,934   SI=285 

4M HCl*** 

 

CD3+ T-cells: 37.3% 

 

MFI= 30,202   SI= 28 

 

CD19+ B-cells: 1.98% 

 

MFI= 20,566   SI= 18 

73°C 

 

CD3+ T-cells: 18.9% 

 

MFI= 15,700   SI= 3.9  

 

CD19+ B-cells: 1.04% 

 

 MFI= 9,143   SI= 1.7 

As per above 

4% FA* 

0.1%Tw20** 

 

CD3+ T-cells: 52.4% 

 

MFI= 220,281  SI= 218 

 

CD19+ B-cells: 7.23% 

 

MFI= 85,934   SI=285 

1M HCl*** 

 

CD3+ T-cells: 59.9% 

 

MFI= 124,772  SI= 123 

 

CD19+ B-cells: 7.95% 

 

MFI= 49,200   SI= 162 

73°C 

 

CD3+ T-cells: 63.0% 

 

MFI= 60,390   SI= 50 

 

CD19+ B-cells: 

 

MFI= 33,050   SI= 30 

(C) Signal resolution of positive populations decreases about 

2-fold after acid denaturation with a further decrease of 2-3-

fold after probe hybridisation. Overall lymphocytes were 

reliably immunophenotyped with high signal resolution and 

preservation of positive populations throughout protocol 

compared to other protocol variations. Compatible with many 

CD3, CD5 and CD19 antibodies for lymphocyte 

identification compared to other protocol variations – some 

antibodies unreliable without BS3 crosslinking. 
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4% FA + 0.1%Tw20 (combined)** 

 

CD3+ T-cells: 52.4% 

 

MFI= 223,615     SI=221 

 

CD19+ B-cells: 7.23% 

 

MFI= 83,598       SI=277 

1M HCl*** 

 

 

CD3+ T-cells: 54.3% 

 

MFI=129,333 SI= 127 

 

CD19+ B-cells: 7.95% 

 

MFI= 44,828    SI= 147 

                73°C 

   

 

 CD3+ T-cells: 59.3%  

 

   MFI= 66,821 SI= 57 

 

        CD19+ B-cells: 

 

   MFI= 30,875  SI= 28 

 

As per above 

4% FA + 0.1%Tw20 (combined)** 

 

CD3+ T-cells: 52.4% 

 

MFI= 223,615     SI=221 

 

CD19+ B-cells: 7.23% 

 

MFI= 83,598       SI=277 

 

0.5M HCl*** 

 

 

CD3+T-cells: 55.2% 

 

MFI=142,320  SI=140 

 

CD19+ B-cells: 8.64% 

 

MFI= 48,976   SI= 161 

                73°C 

 

   

 CD3+ T-cells: 58.7% 

   

MFI= 84,678  SI= 74.2 

 

CD19+ B-cells: 9.64% 

 

MFI= 35,558  SI= 40.7 

(D) Signal resolution of positive populations decreases 

approximately 1.5-fold after acid denaturation with a further 

decrease of 2-3-fold after probe hybridisation. Overall 

lymphocytes reliably immunophenotyped with highest signal 

resolution and preservation of positive populations 

throughout protocol compared to other protocol variations. 

Compatible with many CD3, CD5 and CD19 antibodies for 

lymphocyte identification compared to other protocol 

variations – some antibodies unreliable without BS3 

crosslinking. 

75% MeOH + 25% AA (Carnoy’s)^ 

Complete loss of lymphocyte resolution 

82°C 

Complete loss of 

lymphocyte resolution 

(E) Complete loss of immunophenotyping integrity and 

resolution of lymphocytes for all antibodies tested. 
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70% MeOH + 4% FA + 5% AA^ 

 

CD3+ T-cells: 47.2% 

 

MFI= 201,352     SI= 3.16 

 

CD19+ B-cells: 2.11%  

 

MFI= 76,219       SI=0.71 

1M HCl*** 

Complete loss of 

lymphocyte 

resolution 

73°C 

Complete loss of 

lymphocyte resolution 

(F) Signal resolution of positive populations are almost 

completely diminished (i.e. separation from negative 

populations) after 70% MeOH + 4% FA + 5% AA fixation 

treatment and is completely lost after acid denaturation. 

Protocol performance comparable to Carnoy’s fixation. 

Incompatible with all CD3, CD5 and CD19 antibodies tested 

for lymphocyte identification. 

Abbreviations: AA – Acetic acid, BS3 - Bis(sulfosuccinimidyl)suberate, FA – formaldehyde, HCl – hydrochloric acid, MeOH – Methanol, PBMC – 

peripheral blood mononuclear cells, Tw20 – Tween20, hyb – hybridisation  

*5mins at room temperature   **10mins at room temperature   ***20mins at room temperature   ^10mins at 4oC 

**** 5mins heat denaturation and 16-24hrs hyb at 37oC  
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Figure 11. The effect of fixation and permeabilisation on immunophenotyping performance 

throughout immuno-flowFISH processing. Peripheral blood mononuclear cells (PBMCs) 

stained with CD3 clone SK7 conjugated with BB515 were used to test different fixation and 

permeabilisation methods. Aliquots from both protocols were removed for analysis on an 

AMNIS ISX MKII after cell surface staining (Post-Stain), fixation and permeabilisation 

(Post-Fix/perm), 1M hydrochloric acid denaturation (Post-Acid) and fluorescence in situ 

hybridisation (FISH; Post-Hyb). Data from this representative experiment demonstrated 

increasing loss of CD3-BB515 positively stained cells and relative fluorescence intensity after 

fixation and permeabilisation with (A) 70% methanol + 4% formaldehyde (FA) + 5% acetic 

acid (AA) and preservation in the resolution of CD3-BB515 positively stained cells after 

fixation and permeabilisation with (B) 4% FA + 0.1% Tween20. Reduction of signal 

resolution of positively stain populations throughout the protocol was also caused by 

increased autofluorescence of negative populations detected in the 480-560nm range (Ch02). 

Abbreviations: BB – Brilliant Blue, Ch – channel, ISX MKII- ImageStreamX MarkII 
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2.2.2.2 Validation of Antibody-fluorophore Combinations for Reliable 

Immunophenotyping of Lymphocyte Subpopulations by Immuno-flowFISH 

A number of CD3, CD5 and CD19 monoclonal antibodies were validated for 

compatibility and performance in the optimised immuno-flowFISH protocol. All 

antibody-fluorophore combinations tested are listed in Table 8. Despite extensive 

optimisation not all antibodies were compatible and there was a general loss of 

specific positive fluorescence intensity or “brightness” after acid denaturation, heat 

denaturation and / or hybridisation. The greatest loss of fluorescence intensity of 

positive cells occurred after heat denaturation and hybridisation. This also led to cell 

autofluorescence increasing in Ch02 (480-560nm) and Ch07 (430-505nm). Despite 

this, the resolution of positively stained versus negatively stained populations for a 

number of CD3, CD5 and CD19 antibodies were preserved sufficiently to enable 

reliable identification and quantification of specific lymphocyte populations. 

CD3 (clone SK7) conjugated to BB515, BV480, V500c, AF647, AF700 or 

BV711 enabled reliable immunophenotypic detection of T-lymphocytes. T-cells 

stained with these fluorophores (Figure 12A and Table 8) all retained surface 

immunophenotype and fluorescence intensity throughout processing allowing for 

reliable quantification of T-cells before (60.5%) and after immuno-flowFISH 

processing (58.7%). However, there was a decrease in CD3-fluorescence intensity and 

SI post acid and in particular post-hybridisation. There was an almost two-fold 

reduction in the SI of CD3-BB515 positive T-cells post-acid treatment and there was 

another 2-fold in SI post-hybridisation. In the same experiment, the SI of CD3-APC 

positive T-cells reduced 10-fold after acid denaturation, with the resolution of CD3-

APC positive T-cells completely lost post-hybridisation. The SI of CD3-FITC 

positive T-cells decreased two-fold after acid denaturation, with the resolution of 

CD3-FITC positive T-cells completely lost post-hybridisation.  

The loss in resolution of positive populations for all markers was again 

attributed to both decreases in fluorescence intensity and an increase in the 

autofluorescence of negative populations throughout immuno-flowFISH processing. 

The autofluorescence of negative populations was found to be greater post-

hybridisation in the 480-560nm range (Ch02) compared to the longer 670-745nm 

wavelengths. Furthermore, the fluorescence intensity, SI and population size of T-

cells stained with CD5 clone UCHTC2 conjugated to BB515, BV480, or AF647 were 

shown to be relatively stable and reliable. 
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B-cells stained with CD19 (clone HIB19) conjugated to BB515 and BV480 

were reliably identified and quantified throughout the immuno-flowFISH protocol (9-

12% B-cells before and after processing) as shown in Figure 13A-B. Specifically 

there was a decrease in the MFI across all positive populations stained by CD19 clone 

HIB19 antibodies post acid denaturation and in particular post-hybridisation. The 

signal resolution of CD19 positive B-cells was shown to be highly dependent on 

fluorophore chemistry. The SI of CD19-BB515 positive B-cells reduced less than 2-

fold post-acid denaturation and then decreased another four-fold post-hybridisation. 

The SI of CD19-BV480 positive B-cells decreased 2-fold after acid denaturation and 

then further decreased around 7-fold post-hybridisation. However, the resolution and 

identification of CD19-BV480 positive B-cells was still reliable after the full 

immuno-flowFISH protocol. Finally, the SI of CD19-AF647 positive B-cells 

decreased around 1.5-fold after acid denaturation and the resolution of positive B-

cells was completely lost post-hybridisation. The loss in SI and resolution of CD19 

positive B-cells for all markers was attributed to both decreases in fluorescence 

intensity as well as increases in the autofluorescence of negative populations post-

hybridisation. The autofluorescence of negative populations was found to be 

comparable between the Ch02 (480-560nm) and Ch07 (430-505nm) ranges with both 

greater than in the Ch11 (670-745nm) range. Of note, the staining pattern of antibody 

on the cell surface also appears to be punctate or localised to certain ‘hot-spots’ as 

shown in objects 789 and 4833 (normal B-cells) in Figure 15C. This is thought to be 

due to processing as it correlates to morphological and membranous changes shown 

previously.  

Preservation of fluorescence intensity and resolution of positively stained 

populations was enabled by cross-linking with Bis(sulfosuccinimidyl)suberate (BS3), 

and amine cross-linking agent. BS3 crosslinking was exclusively required for some 

antibody-fluorophore combinations for fluorescence preservation that would 

otherwise produce unreliable resolution of positive subpopulations after immuno-

flowFISH processing. These antibodies were CD3-V500c, CD5-AF647 (Figure 14A-

B) and CD19-BV480. Overall the data has shown that antibodies that have failed 

optimal immuno-flowFISH protocol testing were mainly due to loss of fluorescence 

of selected fluorophores during key stages of the protocol. The data also shows that 

some fluorophores such as AF647 and V500c need to be conjugated to markers with 

higher and more uniform expression on a large number of cells (i.e. CD3 on T-cells) 
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or may otherwise be unreliable (i.e. CD19+ B-cells shown in Figure 13C). 

Significant loss of fluorescence of positively stained cells with antibodies conjugated 

to FITC and APC such as shown in Figure 12B-C occurred after acid denaturation, 

heat denaturation and hybridisation. Furthermore, significant loss of fluorescence of 

positively stained cells with antibodies conjugated to tandem fluorophores (e.g. 

APCH7 and PECy7) was observed to occur as early as after the fixation and 

permeabilisation protocol.   

 

2.2.3 Specific Probe Hybridisation to target DNA and Accurate FISH 

Spot Counting  

In contrast to the technical requirements of cell and immunophenotype 

preservation which are optimal when cellular changes needed to be minimised, FISH 

analysis required cells to be permeabilised and the DNA denatured. Additionally, 

hybridisation buffer and post-hybridisation wash buffers need to be more stringent to 

ensure removal of residual probe and non-specific probe binding. Identification of the 

cell nucleus with DNA specific staining was important to determine adequate cell 

permeabilisation, changes to native DNA structure and probe hybridisation 

specificity.  The DNA stains evaluated were Sytox AADvanced, 7AAD, Hoechst 

33342, RedDot1, RedDot2 and DRAQ7. All were found to be compatible with the 

most optimal revisions of the immuno-flowFISH method. 

 

2.2.3.1 Method Optimisation for Chromosome Enumeration  

The immuno-flowFISH protocol was first optimised for chromosome 

enumeration with fluorescently labelled centromeric enumeration probes (CEP) for 

chromosome 1 (CEP1). For healthy normal donor PBMC, accurate and specific FISH 

assessment was achieved where the majority of cells had ‘2-spots’ or two fluorescent 

signals detected (i.e. chromosome pairs). 

During development interpretation of FISH signals required a combination of 

software spot-counts, fluorescence intensity analysis and visual verification of 

software derived spot-count output. In the case of chromosome 1 enumeration, the 

IDEAS spot-count feature utilised “peak masks” on Vysis CEP1 probe (Ch03, 560-

595nm) with an algorithm that takes into account the signal to background ratio, 

diameter of the spots and co-localisation with nuclear mask (e.g. Hoechst 33342) to 
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Figure 12. The performance of different fluorophores conjugated to CD3 during immuno-

flowFISH processing. Immuno-flowFISH was performed on peripheral blood mononuclear 

cells (PBMCs) stained with CD3 clone SK7 conjugated with BB515, APC and FITC. 

Aliquots were removed for analysis on an AMNIS ISX MKII after cell surface staining (Post-

Stain), 4% formaldehyde (FA) + 0.1% Tween20 fixation and permeabilisation (Post-

Fix/perm), 1M hydrochloric acid denaturation (Post-Acid) and fluorescence in situ 

hybridisation (FISH; Post-Hyb). Data from this representative experiment demonstrated: (A) 

preservation of the resolution of CD3-BB515 positive cells; (B) complete loss of CD3-APC 

positive cells post-hyb; and (C) significant loss of CD3-FITC positive cells post-acid 

populations regardless of fluorophore. In addition, autofluorescence of the negative 

populations increased post-hyb in the 480-560nm wavelengths (Ch02) which also decreased 

resolution of positively stained subpopulations conjugated with BB515 or FITC.  

Abbreviations: APC – Allophycocyanin fluorophore, BB – Brilliant Blue, Ch - channel, FITC 

- Fluorescein isothiocyanate fluorophore, ISX MKII- ImageStreamX MarkII 
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Figure 13. The performance of different fluorophores conjugated to CD19 during immuno-

flowFISH processing. Immuno-flowFISH was performed on peripheral blood mononuclear 

cells (PBMCs) stained with CD19 clone HIB19 conjugated with (A) BB515, (B) BV480 and 

(C) AF647. Aliquots were removed for analysis on an AMNIS ISX MKII after cell surface 

antibody staining (post-stain), 4% formaldehyde (FA) + 0.1% Tween20 fixation and 

permeabilisation (post-fix/perm), 1M hydrochloric acid (HCl) acid denaturation (post-acid) 

and fluorescence in situ hybridisation (FISH) (post-hyb). Data from this representative 

experiment demonstrated (A) greatest preservation in the resolution of CD19-BB515 positive 

cells throughout immuno-flowFISH, (B) adequate preservation of CD19-BV480 fluorescence 

in positive cells and (C) significant loss of CD19-AF647 positive cells post-hyb. There was a 

decrease in the MFI across all positive populations stained by CD19 clone HIB19 antibodies 

post acid and in particular post-hyb with signal resolution of positive populations dependent 

on fluorophore. The lost in signal resolution of positive populations with all markers was 

attributed to both decreases in fluorescence intensity and an increase in the 

background/autofluorescence of negative populations after post-hyb, which was significantly 

detected in Ch07 (430-505nm) range compared to Ch02 (480-560nm) and Ch11 (670-745nm) 

ranges after the full protocol. 

Abbreviations: AF – Alexa Fluor, BB – Brilliant Blue, BV - Brilliant Violet, Ch - channel, 

ISX MKII - ImageStreamX MarkII, MFI – mean fluorescence intensity 
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Figure 14. Bis(sulfosuccinimidyl)suberate (BS3) cross-linking preserves fluorescence 

intensity and resolution of positive populations during immuno-flowFISH processing. 

Immuno-flowFISH was performed on peripheral blood mononuclear cells (PBMCs) stained 

with CD5 clone UCTHC2 conjugated with AF647 both (A) without and (B) with BS3 cross-

linking after staining. Aliquots were removed for analysis on an AMNIS ISX MKII after cell 

surface staining and cross-linking (post-Stain), 4% formaldehyde (FA) + 0.1% Tween20 

fixation and permeabilisation (post-fix/perm), 1M hydrochloric acid denaturation (Post-Acid) 

and fluorescence in situ hybridisation (post-hyb). Data from this representative experiment 

demonstrated that the number and the fluorescence intensity of CD3-AF647 positively stained 

cells were preserved with (B) BS3 cross-linking during the immune-flowFISH protocol. 

Abbreviations: AF – Alexa Fluor, ISX MKII - ImageStreamX MarkII 

 

to enumerate only specific hybridisation spots bound to DNA in the nucleus of single 

cells. In the initial optimisation, the number of cells with 1-spot, 2-spot, 3-spot and 

3+spot signals generated for chromosome 1 (Vysis CEP1-SpectrumOrange) were 

compared to evaluate the performance of the various protocols tested. Despite largely 

sub-optimal cell preservation and immunophenotyping results, the Carnoy’s fixative 

based formulation (i.e. 70% methanol + 4% formaldehyde + 5% acetic acid) was 

initially tested as Carnoy’s was the standard fixative of choice for many FISH 

protocols (Table 9). A standard formamide based hybridisation buffer, made in-house 
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Table 8. Analysis of antibody-fluorophore performance in the optimised immuno-flowFISH method. Fluorophores conjugated with anti-human 

CD3, CD5 or CD19 antibodies and analysed on healthy human peripheral blood mononuclear cells (PBMCs). Aliquots were removed and 

analysed to determine antibody performance at key stages of the protocol. (Yes) indicates specific subpopulations resolved from background and 

(No) indicates complete loss of specific immunofluorescence. Proportion of normal CD3+ or CD5+ T-cells or CD19+ B-cells based on MFI 

analysis are shown for each antibody tested across various healthy donors. The mean fluorescence intensity (MFI) of positive gated populations 

and stain index (SI) for each antibody combination throughout immuno-flowFISH processing is also described. *Denotes that specific 

subpopulations are still detected based on CD3/CD5/CD19 fluorescence intensity compared to background or unstained population however 

likely to be statistically unreliable in the representation of population size due to significant loss of immunofluorescence. 

Antibody-fluorophore  Post fixation and permeabilisation 

 

4% formaldehyde + 0.1% Tween20 

Post DNA denaturation 

 

0.5M HCl 

Post probe/DNA heat denaturation and 

hybridisation 

73oC heat denaturation and 37oC for 16-

24hrs hybridisation 

CD3-FITC 
Yes – 64.5% 

MFI= 35,789      SI= 8.3 

Yes* - 22.1% 

MFI= 21,657      SI= 4.4 
No 

CD3-BB515 
Yes – 52.4% 

MFI= 223,615      SI=221 

Yes – 55.2% 

 MFI=142,320      SI=140 

Yes – 58.7% 

MFI= 84,678      SI= 74 

CD3-PE 
Yes – 58.5% 

MFI= 589,259     SI= 589 
No No 

CD3-BV480 
Yes – 59.2% 

MFI= 253,777      SI= 253 

Yes – 61.9% 

MFI= 106,224     SI= 106 

Yes – 64.3% 

MFI= 53,598      SI= 36 

CD3-V500c 
Yes – 54,3% 

MFI= 11,036     SI= 35.12 

Yes – 57.9% 

MFI=8,645     SI= 27 

Yes – with BS3 only – 60.6% 

MFI= 4,497      SI= 3 
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CD3-AF647 
Yes – 62.1% 

MFI= 90,222     SI= 224 

Yes – 65.7% 

MFI= 79,106     SI= 196 

Yes – 66.1% 

MFI= 62,618       SI= 103 

CD3-APC 
Yes – 62.5% 

MFI= 95,789      SI= 238 

Yes – 60.0% 

MFI= 9,456       SI= 23 
No 

CD3-APCH7 No No No 

CD3-AF700 
Yes – 49.1% 

MFI= 79,556      SI= 198 

Yes – 53.6% 

MFI= 42,300     SI= 105 
No 

CD3-BV711 
Yes = 55.6% 

MFI= 84,684       SI= 211 

Yes – 60.2% 

MFI= 41,666      SI= 83 
No 

CD3-APCeFlour 780 
Yes – 47.3% 

MFI= 14,553      SI= 35.13 
No No 

CD3-APCFire750 
Yes – 52.7% 

MFI= 17,200      SI= 42 
No No 

CD5-BB515 
Yes – 61.2% 

MFI= 98,300     SI= 244 

Yes – 63.9% 

MFI= 86,555      SI= 215 

Yes – 65.8% 

MFI= 57,891     SI=48 

CD5-BV480 
Yes – 59.0% 

MFI= 105,112      SI= 260 

Yes – 61.3% 

MFI= 81,445   SI= 163 

Yes – 62.8% 

MFI= 43,013     SI= 76 

CD5-AF647 
Yes – 57.2% 

MFI= 72,217     SI=180 

Yes – 58.5 

MFI=56331      SI=112 

Yes – with BS3 only – 60.1% 

MFI= 44649       SI=22.9 

CD19-BB515 
Yes - 7.23% 

MFI= 83,598     SI=277 

Yes – 8.64% 

MFI= 48,976      SI= 161 

Yes – 9.64% 

MFI= 35,558      SI=40.7 

CD19-PECy7 No No No 
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CD19-BV480 
Yes – 8.89% 

MFI= 78,421       SI= 75.4 

Yes – 8.61% 

MFI= 43,689       SI= 40.7 

Yes – with BS3 only – 9.64% 

MFI= 18491       SI= 6.25 

CD19-AF647 
Yes – 3.19% 

MFI= 34,543      SI= 114 

Yes – 4.7% 

MFI= 21,898      SI= 71 
No 

CD19-APC 
Yes – 6.3% 

MFI= 30,374     SI= 100 

Yes* - 8.5% 

MFI= 2,800      SI= 6 
No 

CD19-BV650 
Yes – 9.9% 

MFI= 42,533       SI= 105 

Yes – 13.1% 

MFI= 28,391    SI= 70 
No 

CD19-APCH7 No No No 

CD19-APCeFlour 780 
Yes – 4.8% 

MFI= 9,699     SI= 31 
No No 

 

* CD3 clone SK7, CD5 clone UCTHC2, CD19 clones HIB19 and SJ25C. Abbreviations: AF – Alexa Fluor, APC – Allophycocyanin, BB – Brilliant Blue, 

BV – Brilliant Violet, FITC - Fluorescein isothiocyanate, PE – Phycoerythrin  
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by the diagnostic laboratory, was used for FISH optimisation with CEP probes and 

consisted of 50% formamide/10% dextran sulphate/0.1% Tween20/ 2xSSC. The 

composition and performance of this in-house buffer was found to be almost identical 

to the commercially supplied Vysis probe formamide hybridisation buffer, which was 

preferred during subsequent translational experiments with CLL samples (Chapter 3) 

due to better assurance of buffer standardisation across samples. After fixation with 

70% methanol + 4% formaldehyde + 5% acetic acid, highly accurate FISH probe 

spot-count was achieved with 1M HCl acid denaturation, 73oC (5mins) heat 

denaturation and 24hr hybridisation at 37 oC. These conditions produced some cells 

with 1-spot (20%), majority 2-spots (74%), a small number with 3-spots (5%) and 3+ 

spots (1.3%). Addition of an extra 0.1ug/ml proteinase K digestion protocol to this 

protocol as reported in many other FISH protocols did not improve hybridisation of 

CEP1 probe to cells however there was significant cell loss. The removal of the 1M 

HCl acid denaturation produced a sub-optimal range of hybridisation signals with 0-

spots (23%), 1-spots (27%), 2-spots (24%) and 3-spots (26%).  

Different compositions of hybridisation buffers were tested to determine the 

potential to remove acid denaturation requirements, lower heat denaturation 

temperature and reduce hybridisation time (Table 9). The data shows that DMSO 

based hybridisation buffers tested (concentrations of 5-15%) did not improve the 

hybridisation efficiency when HCl denaturation was removed and the denaturation 

temperature lowered to 66oC. These experiments resulted in sub-optimal spot-counts 

where the majority of cells had no probe hybridised (56-63%) and the spot-count did 

not improve when denaturation temperature was restored to 73oC. Similarly, when the 

formamide concentration was decreased from 50 to 15% in the standard FISH buffer 

hybridisation of probe to cell nucleus was almost completely attenuated with no-spots 

in 98% cells. An increase in the dextran sulphate concentration from 10 to 15% in 

keeping with 15% formamide solutions produced a significantly different spot-count 

profile with the majority of cells having 3-spots (67%). This was attributed to non-

specific staining as evidenced by large quantities of FISH signals localised outside of 

nucleus on the cell membrane (data not shown however a representative image is 

shown in Figure 16B object 819). Ethylene carbonate (EC) was also used as a DNA 

denaturation solvent and substitute for formamide to improve hybridisation time (e.g.  
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down to 3hrs from 24hrs) [46]. Hybridisation buffers composed of 15% 

EC/20%dextran sulphate/0.1% Tween20/2xSSC produced suboptimal FISH results on 

cells prepared from the 70% methanol + 4% formaldehyde + 5% acetic acid fixation 

protocol. Both hybridisation incubation times tested (3hrs or 24hrs) produced similar 

results; cells had sporadic or heterogeneous FISH signals and spot-count profiles with 

0-spots (5-7%), 1-spot (19-22%), 2-spots (28-32%), large amounts of non-specific 

staining in 3-spots (23-24%) and 3+spots (16-24%). In the context of full immuno-

flowFISH development it was determined that Carnoy’s based solutions such as 70% 

methanol + 4% formaldehyde + 5% acetic acid fixation were not compatible with 

reliable preservation of cells and surface immunophenotype.  

Formaldehyde fixation was shown to be optimal for accurate FISH analysis 

when used alone (5 or 10mins at room temperature) or with 0.05-0.1% Tween20 

(sequentially or as a combined solution) when followed by 0.5-1M HCl denaturation 

and 73oC heat denaturation (5mins) of probe and cell DNA. Data showed that with the 

same optimal denaturation and hybridisation regimen, 4% formaldehyde fixation 

produced cells with 1-spot (24%), 2-spots (63%) and 3-spots (9%) as shown in 

Figure 15A, which was comparable to the best spot-counts generated by Carnoy’s 

based fixation. As also shown in Figure 15A, formaldehyde fixation at a lower 

concentration of 1% produced heterogeneous and scattered specific and non-specific 

hybridisation signals in 0-spot (5%), 1-spot (18%), 2-spot (26%) and 3-spots (23%).  

In terms of HCl acid denaturation, high concentrations of acid produced weak 

or no probe hybridisation. Data showed 4M HCl acid denaturation produced 0-spots 

(20%), 1-spot (1%), 2-spots (2%) and 3-spots (4%) with the highest cell loss and 

almost complete loss of DNA stain fluorescence signal (Figure 15B). Whereas 2M 

HCl acid denaturation produced 0-spots (32%), 1-spot (49%), 2-spots (18%) and 3-

spots (1%) with higher cell loss and weaker or scattered DNA stain fluorescence 

signal (Hoechst 33342) compared to 1M HCl. Acid denaturation with HCl 

concentrations of 0.5-1M were shown to result in the highest specificity and 

resolution of FISH signals that were co-localised to bright DNA stain fluorescence. 

The spot-count for 0.5M HCl was 1-spot (21%), 2-spot (69%), 3-spot (6%) which was 

similar to 1M HCl with 1-spot (14%), 2-spot (65%), 3-spot (9%). However, 0.5M 

HCl denaturation was preferred given the additional benefit of better preservation of 

cell morphology and immunophenotype. 
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Figure 15. The effect of different fixation/permeabilisation, acid and heat denaturation 

protocols on the accuracy of chromosome enumeration of cells by immuno-flowFISH. 

Peripheral blood mononuclear cells (PBMCs) were processed through full immuno-flowFISH 

protocols and hybridised with Vysis CEP1-SpectrumOrange probe for analysis on an AMNIS 

ISX MKII. Each data set of spot counts were calculated for single and in focus cells using an 

IDEAS automated software spot-counting feature. This feature used a “peak mask” on Vysis 

CEP1 probe (Ch03, 560-595nm) with an algorithm that takes into account the signal to 

background ratio, diameter of the spots and co-localisation with nuclear mask (Hoechst 

33342) to enumerate specific hybridisation spots. This feature determines the number of cells 

with specific 1-spot, 2-spot, 3-spot and 3+spot signals for chromosome 1. Data from 

representative experiments show that (A) cells fixed and permeabilised with 4% 

formaldehyde (FA) +0.1% Tween20 and (B) denatured with 1M hydrochloric acid (HCl) 

have better FISH accuracy compared to cells treated with 1% FA and/or denatured with 4M 

HCl as evidenced by the higher specific 2-spot counts and significantly less variable spot 

counts. (C) The data also shows that the heat denaturation temperature has a critical effect on 

probe hybridisation as a temperature of 73oC gave optimal FISH signals compared to 66oC, 

which produced no detectable FISH signals. Overall the optimal regimen for immuno-

flowFISH for chromosome enumeration is fixation and permeabilisation with 4% 

formaldehyde (FA) + 0.1% Tween20, acid denaturation with 1M hydrochloric acid (HCl) and 

heat denaturation temperature of 73oC. Data is based on 10,000 cells analysed for each 

protocol tested. 

Abbreviations: Ch - channel, CEP - Chromosome enumeration probe, FISH – fluorescence in 

situ hybridisation, ISX MKII – ImageStreamX MarkII 
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Table 9. Development and optimisation of Carnoy’s based FISH protocols for centromeric FISH probe immuno-flowFISH analysis.  

Fixation Permeabilisation Denaturation 

Probe/DNA 

denature temp 

(°C) 

Hybridisation 

buffer 
Probe 0 spot 1^ spot 2 spots 

3/3+ 

spots 
Comment 

70%MeOH/4%FA/5%AA* 66**** 

10% DMSO, 10% 

DS, 0.1% Tw20, 

2xSSC 

CEP1-SO 56 17 9 18 

No formamide in 

hybridisation buffer, 

majority of cells without 

FISH signal 

70%MeOH/4%FA/5%AA* 73**** 

15% DMSO, 10% 

DS, 0.1% Tw20, 

2xSSC 

CEP1-SO 59 16 9 16 

No formamide in 

hybridisation buffer, 

majority of cells without 

FISH signal 

70%MeOH/4%FA/5%AA* 66**** 

15% DMSO, 10% 

DS, 0.1% Tw20, 

2xSSC 

CEP1-SO 63 13 7.3 16 

No formamide in 

hybridisation buffer, 

majority of cells without 

FISH signal 

70%MeOH/4%FA/5%AA* 73**** 
15% FM, 10% DS, 

0.1%Tw20, 2xSSC 
CEP1-SO 98 2 0 0 

Reduced formamide in 

hybridisation buffer, 

majority of cells without 

FISH signal 

70%MeOH/4%FA/5%AA* 73**** 
15% FM, 20% DS, 

0.1%Tw20, 4xSSC 
CEP1-SO 7 11 14 67 

High levels of non-

specific FISH signals with 

increased dextran sulphate  

70%MeOH/4%FA/5%AA* 73**** 50% FM, 10% DS, CEP1-SO 23 27 24 26 FISH signals and spot 
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0.1%Tw20, 2xSSC counts stronger than 15% 

formamide 

70%MeOH/4%FA/5%AA* 1M HCl** 73**** 
50% FM, 10% DS, 

0.1%Tw20, 2xSSC 
CEP1-SO 0 20 74 

5 

1.3 

Bright Hoechst staining, 

clearly defined probe 

spots 

70%MeOH/4%FA/5%AA*  

0.1ug/ml PK 

pre-treat*** 

1M HCl** 

 

73**** 

50% FM, 10% DS, 

0.1%Tw20, 2xSSC 
CEP1-SO 0 22 61 

10 

5 

High cell loss, clearly 

defined probe spots and 

FISH signals 

70%MeOH/4%FA/5%AA* 1M HCl** 
 

73**** 

15% EC, 20% DS, 

0.1%Tw20, 2xSSC 
CEP1-SO 5 19 28 

24 

24 

3hr hybridisation, 

heterogeneous; sporadic; 

scattered (non-specific) 

signals 

70%MeOH/4%FA/5%AA* 1M HCl** 
 

73**** 

15% EC, 20% DS, 

0.1%Tw20, 2xSSC 
CEP1-SO 7 22 32 

23 

16 

24hr hybridisation, 

heterogeneous; sporadic; 

scattered (non-specific) 

signals 

 

Abbreviations: AA-acetic acid, CEP – chromosome enumeration probe, DS- dextran sulphate, DMSO – Dimethyl sulfoxide, EC – ethylene carbonate, FA – 

formaldehyde, FM – formamide, HCl – hydrochloric acid, MeOH – Methanol, PK – Proteinase K, SSC – sodium citrate, SO -SpectrumOrange  

*10mins at 4oC   **20mins at room temperature   ***10mins at 37oC ..  **** 5mins heat denaturation and 16-24hrs hybridisation at 37oC  

             ^1 or 2 spot counts unverified by MFI calculation 
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Table 10. Optimisation of immuno-flowFISH cell preparation protocols for centromeric FISH probe analysis. 

Fixation Permeabilisation Denaturation 

Probe/DNA 

denaturation 

temp **** 

Hyb 

buffer 
Probe 

0 

spot 

1^ 

spot 

2 

spots 

3 

spots 
Comment 

1%FA* 0.05%Tw20** 4M HCl*** 73°C VCEP CEP1-SO 5 18 26 23 

Heterogeneous; sporadic; 

scattered (non-specific) 

signals 

4%FA* 0.1%Tw20** 4M HCl*** 66°C VCEP CEP1-SO 100 0 0 0 No FISH signals detectable 

4%FA* 0.1%Tw20** 4M HCl*** 73°C VCEP CEP1-SO 20 1 2 4 
High cell loss and loss of 

DNA Hoechst signal 

4%FA* 0.1%Tw20** 1M HCl*** 73°C VCEP CEP1-SO 1 24 63 9 2 step: fix then permeabilise 

4%FA* 0.1%Tw20** 1M HCl*** 66°C VCEP CEP1-SO 100 0 0 0 No FISH signals detectable 

4%FA + 0.1%Tw20** 2M HCl*** 73°C VCEP CEP1-SO 32 49 18 1 
High cell loss and loss of 

DNA Hoechst signal 

4% FA + 0.1%Tw20** 1M HCl*** 73°C VCEP CEP1-SO 1 21 69 6 
Excellent FISH signals 

(resolved and specific) 

4% FA + 0.1%Tw20** 1M HCl*** 73°C SFHB  CEP1-OR 100 0 0 0 No FISH signals detectable 

4% FA + 0.1%Tw20** 0.5M HCl*** 73°C VCEP CEP1-SO 0 14 65 9 
Cell loss reduced slightly 

Excellent FISH signals 
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Abbreviations: CEP – chromosome enumeration probe, FA – formaldehyde, FISH – fluorescence in situ hybridisation, HCl – hydrochloric acid, LSI – locus-

specific identifier, OR – OrangeRed, SG – SpectrumGreen, SO – SpectrumOrange, SFHB – SureFISH hybridisation buffer, Tw20 – Tween20, VCEP – Vysis 

chromosome enumeration probe hybridisation buffer, VLSIB – Vysis LSS locus specific hybridisation buffer. 

Probes:  Vysis (Abbott Molecular) - CEP1-SO, CEP12-SO, CEP12-SG, CEP17-SG and LSI TP53-SO 

        SureFISH (Agilent Technologies) - CEP1-OR and 17p12-OR 

*5mins at room temperature  **10mins at room temperature  ***20mins at room temperature    ****5mins heat denaturation and 16-24hrs hybridisation 

at 37oC   ^1 or 2 spot counts unverified by MFI calculations 

(resolved and specific) 

4%FA** 1M HCl*** 73°C VCEP CEP1-SO 2 19 63 8 1 step: fix only 

4%FA + 0.1%Tw20** 0.5M HCl*** 73°C VCEP CEP12-SO 1 30 60 7.5 
Excellent FISH signals 

(resolved and specific) 

4%FA + 0.1%Tw20** 0.5M HCl*** 73°C VCEP CEP12-SG 1 27 57 13 
Excellent FISH signals 

(resolved and specific) 

4%FA + 0.1%Tw20** 0.5M HCl*** 74°C SFHB CEP17-SG 2 21 63 14 
For dual labelling with 

SureFISH 17p12-SO 

4%FA + 0.1%Tw20** 0.5M HCl*** 73°C VLSIB LSI TP53-SO 100 0 0 0 No FISH signals detectable 

4%FA + 0.1%Tw20** 0.5M HCl*** 73°C SFHB 17p12-OR 24 37 22 8 
Signals were dim and 

sporadic but detectable 
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The efficacy of heat denaturation of probe and cell DNA was tested with Vysis 

CEP probes with the temperatures determine to best preserved cell morphology (see 

2.2.1.3). As shown (Table 10 and Figure 15C), Vysis CEP probes require temperatures 

of 73-74oC for heat denaturation of probe and cell DNA. Even though 66oC was 

preferable for cell preservation, this temperature did not enable the detection of FISH 

signals (i.e. 100% 0-spots) in all protocol variations. Furthermore, other commercially 

available CEP probes (i.e. SureFISH CEP1-OR) tested under the same optimal conditions 

yielded no evidence of probe hybridisation (100% 0-spots) (Table10). 

The automated spot-count of CEP probes generated by IDEAS provides an 

organised and specific overview of the number of probes bound per cell. Regardless of 

stringency and FISH optimisation conditions the general spot count profile reported for 

any chromosome enumeration tested healthy PBMC always includes a population of cells 

with 1-spot (15-25%) and 3-spots (5-15%) even though 2-spots (55-65%) are expected 

(Figure 16A). 

Visual verification of gallery images of representative 3-spot counted populations 

confirmed that most cells had a dimmer non-specific third FISH signal tethered on the 

surface of the cell or closely associated to the nucleus (Figure 16B object 2719). This 

also shows the importance of utilising a nuclear mask based on a DNA stain to minimise 

the number of 3-spot or 3+spot counts associated to non-specific staining, though to a 

lesser extent, non-specific staining can also localise within the nuclear mask.  

The fluorescence intensity of all cells (Figure 17A) was analysed and correlated 

with the cell or spot count. Quantitative analysis of fluorescence intensity showed that 

most single cells had a fluorescence intensity representative of having a 2-spot count 

(diploid for chromosome 1) as highlighted by the largest peak (2n). Events with more than 

2-spots, i.e. clumping of cells or cells with additional non-specific signals, have an 

increased fluorescence intensity compared to the 2n cells (e.g. Figure 17C). Again, this 

shows the importance of utilising a nuclear mask based on a DNA stain for accurate spot 

count analysis by excluding 3+ spot counts associated to cell clumps as well as non-

specific staining (i.e. Figure 16B object 819). Analysis of the fluorescence intensity for 

the CEP 1-spot population (Figure 17B) as determined by the software spot-count feature 

demonstrated that the fluorescence intensity of almost all 1-spot counts (>99%) was 

identical to the fluorescence intensity range established by the 2-spot population (2n). 

Therefore, this indicates that all 1-spot counts (i.e. Figure 17D) are a result of two FISH   
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Figure 16. Accurate spot counting in phenotypically identified cell subpopulations by immuno-

flowFISH. Peripheral blood mononuclear cells (PBMCs) stained with CD3-AF647 clone SK7 and 

CD19-BB515 clone HIB19 were analysed with the optimised immuno-flowFISH protocol and 

hybridised with Vysis CEP1-SpectrumOrange probe. (A) The spot count on single and in focus 

cells was performed using an IDEAS automated software spot-counting feature which used “peak 

masks” on Vysis CEP1 probe (Ch03, 560-595nm) with an algorithm that includes the signal to 

background ratio and spot diameter to enumerate hybridisation signals. (B) Representative images 

from the same sample/experiment show that 3-spot (object 2719) and 3+spot (object 819) count 

events are due to non-specific probe staining. By adjusting the spot-count algorithm to account for 

FISH signal co-localisation with nuclear mask (Hoechst 33342), non-specific probe external to the 

cells and adherent to the cell membrane can be excluded to increase spot enumeration accuracy 

essential for accurate aneuploidy analysis. (C) A representative image gallery from the same 

sample/experiment demonstrates that accurate spot counting can be performed on cells identified 

by immunophenotype. T-cells (objects 240 and 306) were identified by CD3-AF647 and B-cells 

(objects 789 and 4833) by CD19-BB515 staining, both healthy cell subsets show diploidy for 

chromosome 1 with 2-spot FISH signals co-localised to the nucleus (Hoechst 33342 stained). Data 

is based on 10,000 cells analysed.  

Abbreviations: AF – Alexa Fluor, BB – Brilliant Blue, Ch - channel, CEP - Chromosome 

enumeration probe, FISH – fluorescence in situ hybridisation  
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Figure 17. Analysis of the fluorescence intensity of FISH signals correlates to the number of 

bound probe or specific spot-count. Peripheral blood mononuclear cells (PBMCs) were analysed 

by immuno-flowFISH with Vysis CEP1-SpectrumOrange (SO) probe on an AMNIS ISX MKII. 

The data shows that fluorescence intensity of hybridised CEP1-SO probe (Ch03, 560-595nm) on 

all in focus cells. (A) The fluorescence intensity histogram shows fluorescence intensity of cells 

with 2-spots, 2+spots and cell clumps with as the majority of cells having 2-spots i.e. chromosome 

1 diploidy or 2n (B) Application of the 2n gate to cells with 1-spot count demonstrated that these 

events fall within the same fluorescence intensity range established by 2-spot events (2n) and 

therefore are true 2-spot events with overlapping spots. (C) Representative images of cell 

populations established from spot-counting and fluorescence intensity analysis are shown where: 

object 137 is a single cell with diploid chromosome 1 FISH signals within the nucleus stained by 

Hoechst 33342; object 8253 is a cell doublet with four FISH signals (2 per nuclei); object 103 is a 

clump of three cells with 6 FISH signals (2 per nuclei). (D) Representative gallery images of 1-

spot events as established by spot counting and fluorescence intensity analysis in panel B. Overall 

the data highlights the high specificity, uniformity and resolution in probe hybridisation achieved 

by immuno-flowFISH and also the importance of analysing co-localisation of the Vysis CEP1 

FISH probe signal with the nuclear marker Hoechst 33342 for accurate aneuploidy analysis. Data 

is based on 50,000 cells analysed. 

Abbreviations: Ch-channel, CEP - Chromosome enumeration probe, FISH – fluorescence in situ 

hybridisation, ISX MKII – ImageStreamX MarkII  
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Figure 18. Dual FISH probe analysis of healthy PBMCs by immuno-flowFISH. Data from a 

representative experiment where peripheral blood mononuclear cells (PBMCs) were hybridised 

with Vysis CEP1-SpectrumOrange (SO) probe and Vysis CEP12-SpectrumGreen (SG) for 

analysis on an AMNIS ISX MKII. Spot counts were calculated for single and in focus cells with 

the IDEAS automated software spot-count feature. This calculation used “peak masks” on Vysis 

CEP1 probe (Ch03, 560-595nm) and Vysis CEP12 probe (Ch02, 480-560nm) with an algorithm 

that takes into account the signal to background ratio, diameter of the spots and co-localisation 

with nuclear mask (Hoechst 33342) to enumerate specific hybridisation spots. This determined the 

number of cells with specific 1-spot, 2-spot, 3-spot and 3+spot signals for chromosomes 1 and 12. 

(A) The majority of cells demonstrated 2-spots with each FISH probe, as expected for healthy 

PBMCs. (B) Image galleries show simultaneous FISH probe hybridisation and analysis by 

immuno-flowFISH based on 2-fluorescent yellow (CEP1) and 2-fluorescent green (CEP12) 

signals co-localised within the Hoechst 33342 stained nucleus and seen in the overlay image.  This 

demonstrates that at least two FISH probes can be hybridised to cells simultaneously and analysed 

by the spot counting feature. Data is based on 10,000 cells analysed. 

Abbreviations: Ch - channel, CEP - Chromosome enumeration probe, FISH – fluorescence in situ 

hybridisation 
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signals overlapping due to the spatial orientation of the cell/nuclei during imaging and are 

actually 2-spots. The fluorescence intensity of a true single spot would be half that of a 2-

spot. This probe spot fluorescence analysis and adjustment corrects the number cells with 

true 2-spots or diploidy to >95% of cells in healthy donors. Overall quantitative analysis 

of fluorescence intensity shows that CEP hybridisation using the optimal immuno-

flowFISH protocol produces strong, uniform and resolved FISH signals that can be 

readily detected objectively by IFC software.  

Validation of optimal immuno-flowFISH testing with CEP probes on healthy 

donor PBMCs was confirmed by combining immunophenotyping with FISH probe and 

nuclear stain. Figure 16C demonstrates that accurate chromosome enumeration FISH 

analysis can be performed on phenotypically identified lymphocyte subpopulations (CD3-

AF647 positive T-cells and CD19-BB515 positive B-cells) in a single immuno-flowFISH 

test, with both subsets having >95% 2-spot counts or chromosome 1 diploidy. 

Further analysis with Vysis CEP12-SG and Vysis CEP1-SO confirmed the ability 

of the immuno-flowFISH protocol to simultaneously analyse multiple chromosome 

targets in a single test. Dual FISH probe analysis of healthy donor PBMCs resulted in 

comparable Vysis CEP12-SG (27% 1-spot, 57% 2-spot, 13% 3-spot) spot-counts with 

Vysis CEP1-SO (Figure 18A-B).  

 

2.2.4 Summary of Immuno-flowFISH Method Development  

In summary, the immuno-flowFISH method has been optimised to enable 

combined morphology-immunophenotype-genotype detection of normal T- and B-cells in 

suspension by IFC. The optimal conditions validated are detailed in Table 1 and have led 

to the establishment of protocol for assessment on clinical material. The full discussion of 

this immuno-flowFISH methodological development is outlined in Chapter 4. These 

results have provided the opportunity to progress to the analysis of CLL, the 

haematological malignancy selected for further study to evaluate the potential diagnostic 

utility and feasibility of immuno-flowFISH for clinical application. 
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Chapter 3: Application of 

Immuno-flowFISH to CLL 
 

3.1 Specimens 

 

Peripheral blood samples from patients with CLL (n=60) were collected 

prospectively at diagnosis or routine follow up. Approval had been provided by the 

Sir Charles Gairdner Osborne Park Health Care Group Human Ethics Committee for 

the collection of blood from consented patients from Sir Charles Gardiner Hospital 

(SCGH). All patients gave consent. 

Routine analysis of these cases was performed by PathWest Laboratory 

Medicine Western Australia at Sir Charles Gairdner Hospital (SCGH) as per WHO 

classification criteria. This incorporated full blood counts (FBC), standard 

morphologic blood film evaluation, flow cytometry immunophenotyping and FISH 

cytogenetic results as per standard of care.  

 

3.2 Protocol Optimisation for the Assessment of CLL  

 

The optimised protocol, as established on normal blood (Chapter 2) and 

applied to CLL blood, is summarised in Table 11. Table 12 shows the antibody, 

DNA stain probe combinations assessed for CLL and Table 13 the specific panels for 

the assessment of CLL. Two analyses were performed: 

1. Numerical abnormalities: 50 CLL cases were analysed for trisomy 12 (+12) to 

determine the capability of immuno-flowFISH to detect numerical 

abnormalities.  

2. Structural abnormalities: 10 CLL cases were analysed for deletion of 17p.  
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3.2.1 Leucocyte Isolation  

Peripheral blood was collected by antecubital venepuncture into VACUETTE 

EDTA vacuum tubes (Greiner Bio-One Preanalytics, Frickenhausen, Germany). 

Leucocyte isolation was performed using BD PharmLyse (BD Biosciences, Sydney, 

Australia); stock red cell lysis buffer was diluted in MilliQ water (1:10) and 10.ml of 

this lysis buffer was added to 250uL of whole blood (1:40). This was incubated for 

10mins at room temperature, with gentle vortexing throughout incubation. Cells were 

washed in 3 successive rounds of 1x phosphate buffered saline (PBS) at 200xg for 

10mins at room temperature. Isolated cell pellets were finally resuspended in PBS at a 

concentration of 5x106 cells/mL prior to further processing.  

All cell suspensions were washed in PBS supplemented with 2% foetal bovine 

serum (FBS) (PBS/2%FBS) at 950xg for 3mins at room temperature following 

isolation and during immuno-flowFISH processing unless otherwise stated in 

protocol. All cell suspensions were processed in protein lo-bind tubes (Sigma, 

Sydney, Australia) unless otherwise stated. 

 

3.2.2 Immunophenotyping Panels for CLL  

Healthy control and CLL samples at 5x106 cells per test were stained with an 

antibody cocktail in accordance with manufacturer’s recommendations (described 

previously). The following CLL detection panels were validated for clinical 

application (summarised in Table 13): 

 Trisomy 12 panel 1 (Vysis CEP12-SpectrumOrange) and del(17p) panel 1 

(SureFISH 17p12 PMP22-OrangeRed 458kb only): Cells were stained with 

an antibody mix containing Biolegend AF647 conjugated mouse anti-human 

CD3 (clone SK7, Australian Biosearch, Sydney, Australia), BD Horizon 

BB515 conjugated mouse anti-human CD5 (clone UCHT2, BD Biosciences) 

and BD OptiBuild BV480 conjugated mouse anti-human CD19 (clone 

SJ25C1, BD Biosciences).  

 Trisomy 12 panel 2 (Vysis CEP12-SpectrumGreen) and del(17p) panel 2 

(Vysis CEP17-SpectrumGreen and Vysis SureFISH 17p12 PMP22-

OrangeRed 458kb): Cells were stained with an antibody mix containing BD 
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Horizon V500c conjugated mouse anti-human CD3 (clone SK7, BD 

Biosciences), Biolegend AF647 conjugated mouse anti-human CD5 (clone 

UCHT2, Australian Biosearch) and BD OptiBuild BV480 conjugated mouse 

anti-human CD19 (clone SJ25C1, BD Biosciences).  

All analyses included appropriate single stained cells or Simply Cellular anti-

mouse compensation standard control (Bangs Laboratories Inc., IN, USA) 

compensation capture beads for compensation and isotype controls to ensure 

immunophenotyping specificity as per manufacturer’s recommendations. 

All immunophenotyping involved incubation with the relevant fluorophore-

conjugated antibody for 30mins at 4ºC, washing with PBS/2%FBS and centrifugation 

at 950xg for 3mins. Antibody binding to cell surface antigens was then stabilised by 

incubation with 1mM bis(sulfosuccinimidyl)suberate (BS3) (Thermo Scientific, 

Sydney, Australia) in MilliQ water at 4°C for 30mins. The BS3 cross-linking reaction 

was then quenched in 1ml of 100mM Tris-HCl pH7.4/150mM NaCl for 20mins at 

4C.  

 

3.2.3 FISH Probes for Trisomy 12 and Deletion 17p  

Cells were then washed, fixed in fresh 4% formaldehyde / 0.1%Tween20 in 

PBS solution for 10mins at RT and then washed again prior to acid denaturation. 

DNA was denatured by acid (0.5M hydrochloric acid in MilliQ water) solution for 

20mins at RT followed by quenching in ice-cold PBS. Following washing in 

PBS/2%FCS cells were transferred to 0.2ml maximum recovery PCR tubes (Axygen, 

California, USA) and centrifuged at 950xg after which as much of the supernatant 

was removed by pipette as possible prior to hybridisation. Cell pellets were then 

resuspended in probe hybridisation mix specific to detection panels (Table 13): 

 CEP12 FISH probe analysis (trisomy 12, panels 1 and 2):  For the 

detection of chromosome 12, cells were resuspended in Vysis CEP (VCEP) 

hybridisation buffer (7uL) with MilliQ water (2uL) and 1uL Vysis CEP12-

SpectrumOrange (trisomy 12 panel 1) or Vysis CEP12-SpectrumGreen 

enumeration probe (trisomy 12 panel 2) (Abbott Molecular, Sydney, 

Australia). All samples were then heated to 73°C for 5mins to denature DNA 
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and ensure specific probe annealing before hybridisation at 37°C in a Veriti 

automated thermocycler (Thermo Fisher Scientific, Sydney, Australia) for 16 

to 24 hours. Following hybridisation, cells were first washed in a stringency 

solution composed of 0.1% Igepal in 2xSSC and transferred into Clearview lo-

bind microfuge tubes (Sigma, Sydney, Australia). A second stringency wash 

was performed in 0.3% Igepal in 2xSSC for 5mins at 42°C and finally washed 

in PBS/2%FBS.  

 Chromosome 17 enumeration and 17p analysis (del17p, panel 1 and 2):  

For chromosome 17 and 17p analysis, cells were resuspended in SureFISH 

hybridisation buffer (SFHB) buffer (7uL) with MilliQ water (1uL) and 

SureFISH 17p12 PMP22-OrangeRed probe (1uL) (Agilent Technologies 

Dako, Sydney, Australia). For simultaneous chromosome enumeration of 

chromosome 17 and 17p analysis, cells were resuspended in Vysis LSI 

hybridisation buffer (7uL; Abbott Molecular) with MilliQ water (1uL), or 

Vysis CEP17-SpectrumGreen (1uL; Abbott Molecular) and SureFISH 17p12 

PMP22-OrangeRed probe (1uL; DAKO) (2uL total probe). All samples were 

then heated to 74°C for 5mins to denature DNA and ensure specific probe 

annealing before hybridisation at 37°C in a Veriti automated thermocycler for 

a minimum of 24 hours. Following hybridisation, cells were first washed in a 

stringency solution composed of 0.1% Igepal in 2xSSC and transferred into 

Clearview lo-bind microfuge tubes (Sigma). A second stringency wash was 

performed in 0.3% Igepal in 0.4xSSC for 5mins at 42°C and finally washed in 

PBS/2%FBS.  

Following hybridisation and stringency washes cells were then resuspended 

and stained with SYTOX AADvanced DNA stain (0.2uM in PBS, Thermo Fisher 

Scientific) for 30mins at RT. Following nuclear DNA staining and without washing, 

cell suspensions was then analysed on an AMNIS ISX MKII. 
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Table 11. Summary of optimised immuno-flowFISH protocol for CLL assessment. 

Protocol Immuno-flowFISH 

PBMC isolation 1. RBC lyse with BD PharmLyse, a buffered ammonium chloride-based lysing reagent at pH 7.1-7.4 

2. Wash cells in PBS (no FBS or BSA) 

Stain surface antigens 

(immunophenotyping) 

3. Incubate 5x106 cells with fluorescently conjugated antibody as per manufacturer’s instructions for 30mins at 4C 

4. Wash cells in PBS/2%FBS 

Cross-link antigen-antibody complex 5. Incubate in 1mM BS3 for 30mins at 4C (do not wash cells) 

Quench cross-link reaction 6. Incubate with 100mM Tris-HCl pH7.4/150mM NaCl and quench 20mins at 4C (do not aspirate) 

Fix cells and permeabilise cells 7. Add 4% formaldehyde with 0.1% Tween20, gently aspirate to mix and incubate for 10mins at RT 

8. Wash cells in PBS/2%FBS 

Denature DNA 

(Pre-hybridisation) 

9. Incubate in 0.5M HCl acid solution for 20mins at RT (do not wash) 

Quench DNA denaturation 10. Add ice-cold PBS, centrifuge at 600xg for 10mins and remove supernatant 

Block non-specific probe DNA 

binding 

11. Block sample in PBS/1%BSA 

12. Wash and remove supernatant  

Add FISH probe, co-denature probe 

and DNA 

13. Resuspend in 0.1% Igepal in 2xSSC and transfer cells to 0.2ml maximum recovery PCR tubes 

14. Centrifuge at 950xg for 3mins and remove all excess buffer 

15. Resuspend in 7µL VCEP or VSI hybridisation buffer (17p12 probe), 1-2µL MilliQ water and 1-2µL FISH probe 

(total 10 µL) 

16. Denature probe and DNA at 73C (CEP only tests) or 74C (tests with17p12 probe) for 5mins 

Hybridise with FISH probe 17. Hybridise at 37C for 16-24 hours for CEP only analysis or 24hrs+ for del17p analysis in a thermocycler 
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Abbreviations: AF647 – Alexa Fluor 647 fluorophore, BS3 - Bis(sulfosuccinimidyl)suberate, BSA – Bovine serum albumin, CD – Cluster of differentiation, 

BV480 – Brilliant Violet 480 fluorophore, Ch – Channel, CEP - Chromosome enumeration probe, CLL – Chronic Lymphocytic Leukaemia, del(17p) – 

Deletion of short arm of chromosome 17, DMSO – Dimethyl sulfoxide, DNA – Deoxyribonucleic acid, DRAQ7 - Deep red anthraquinone 7, EDF – Extended 

Stringency wash to remove excess 

FISH probe 

18. Wash with 0.1% Igepal in 2xSSC and remove supernatant 

19. Resuspend in 0.3% Igepal in 0.4xSSC (pre-warmed to 42°C) and incubate for 5mins at 42°C  

20. Wash cells in PBS/2% FBS 

Stain DNA to visualise the nucleus 21. Resuspend in DNA stain such as 7AAD or SYTOX AADvanced (1:5 in PBS) and incubate for 30mins at RT 

Analyse on ISX MKII 22. Analyse on an AMNIS ISX MKII with x60 magnification and EDF, record 10,000-100,000 cells 

Data analysis 23. Open data file with IDEAS image analysis software 

Select images with cells in focus  24. Graph brightfield image (Ch01) Gradient RMS in a histogram and select images in focus 

Select single cells 25. Graph focused cells in a brightfield (Ch01) Area v Aspect Ratio dot-plot and select single cells (exclude doublets and 

cell clumps) 

Select single nucleated cells  26. Graph single cells in a DNA fluorescence intensity histogram and select nucleated cells (non-dividing) 

Gate population of interest using 

immunophenotyping markers 

27. Graph single nucleated cells in bi-colour fluorescence intensity dot-plots and gate the populations of interest e.g. gate 

the CD3+CD19- T-cells and the CD3-CD19+ B-cells on CD19-BV480 versus CD3-AF647 dot-plot 

Gate cells with FISH hybridisation 

“spots” in nucleus 

28. Graph single nucleated cells in bi-colour fluorescence intensity dot-plot of Sytox AADvanced DNA stain versus 

FISH probe fluorescence intensity and select single nucleated cells with hybridised probe signals 

Gate cells with co-localised FISH 

probe spots in the nucleus 

29. Use Similarity Feature Calculation to determine co-localisation of FISH probe spots with DNA fluorescence 

Calculate spot count 30. Use Spot Count Feature Calculation to count the number of FISH spots in each population 

Correct for overlapping spot count 31. Graph 2-spot count population in a probe fluorescence intensity histogram and gate the fluorescence peak, apply this 

gate to the 1-spot population to confirm monosomy or disomy where spots are overlapping 
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depth of field, FISH - Fluorescence in situ hybridisation, FBS - Foetal bovine serum, HCl – Hydrochloric acid, hrs – hours, IFC – Imaging flow cytometry, 

ISX MKII – ImageStreamX MarkII, kb – kilobase, mins – minutes, mM – millimolar, OR – OrangeRed, PBMC – Peripheral blood mononuclear cells, PBS – 

Phosphate buffered saline, PCR – Polymerase chain reaction, PMP – Peripheral myelin protein, RBC – Red blood cell, RMS – Root mean square, RT – Room 

temperature, SFHB – SureFISH hybridisation buffer, SG – SpectrumGreen,, SO – SpectrumOrange, SSC – Standard Sodium Citrate, TEM – Transmission 

electron microscopy, VCEP – Vysis chromosome enumeration, VLSI – Vysis locus specific identifier, 7-AAD - 7-Aminoactinomycin D.  

 

N.B. Samples should be protected from light throughout protocol. 
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Table 12. Antibody, DNA stain and probe combinations evaluated for immuno-flowFISH protocol development on the AMNIS ISX MKII. 

Excitation 

laser (nm) 

AMNIS ISX 

MKII* 

Emission 

wavelength (nm) 

Monoclonal antibodies and 

DNA probes tested 

CLL immuno-flowFISH detection 

compatible and validated 

488 Ch02 480-560 CD3-BB515**; CD5-BB515**; CD19-BB515**; CD3-

FITC; CD19-FITC; Vysis CEP12-SG; SureFISH 17p12-

Green 

CD3-BB515; CD5-BB515; CD19-BB515; 

Vysis CEP12-SG; CEP17-SG 

488/561 Ch03 560-595 CD3-PE; Vysis CEP1-SO; Vysis CEP12-SO; SureFISH 

17p12-OR 

Vysis CEP1-SO; Vysis CEP12-SO; SureFISH 

17p12-OR 

488/561 Ch05 640-745 SYTOX AADvanced; 7AAD SYTOX AADvanced; 7AAD 

561 Ch06 740-800 CD19-PECy7 N/A 

405 Ch07 430-505 CD3-BV480; CD5-BV480; CD19-BV480; Hoechst 

33342 

CD3-BV480; CD5-BV480; CD19-BV480; 

Hoechst 33342 

405 Ch08 505-570 CD3-V500c CD3-V500c 

647 Ch11 640-745 CD3-AF647; CD5-AF647; CD19-AF647; CD19-

AF647; CD3-APC; CD19-APC; CD19-BV650; 

DRAQ7; RedDot2 

CD3-AF647; CD5-AF647; DRAQ7; RedDot2 

405/647 Ch12 745-800 CD3-APCH7; CD19-APCH7; CD3-AF700; CD3-

BV711; CD3-APCeFlour780; CD3-APCFire750; CD19-

APCeFlour780 

N/A 

 
*Only channels relevant to the fluorophores tested are listed. **CD3 clone SK7, CD5 clone UCTHC2, CD19 clone SJ25C1. Abbreviations: AF – Alexa 

Fluor, APC – Allophycocyanin, BB – Brilliant Blue, BV – Brilliant Violet, CEP - Chromosome enumeration probe, CD - Cluster of differentiation, Ch - 

Channel, DRAQ7 - Deep red anthraquinone 7, FISH – Fluorescence in situ hybridisation, FITC - Fluorescein isothiocyanate, PE – Phycoerythrin, Cy – 

Cyanine, SG – SpectrumGreen, SO – SpectrumOrange, OR- OrangeRed, 7AAD - 7-Aminoactinomycin D DNA stain. 
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Table 13. Immuno-flowFISH immunophenotype-genotype panels for detection of CLL trisomy 12 and del(17p) on AMNIS ISX MKII. 

Excitation 

laser (nm) 

AMNIS 

ISX 

MKII 

channel* 

Emission 

wavelength 

(nm) 

Fluorophore CLL biomarker  

    Trisomy 12 panel 1 Trisomy 12 panel 2 Del(17p) panel 1 Del(17p) panel 2 

N/A Ch01 BF N/A Cell morphology Cell morphology Cell morphology Cell morphology 

488 Ch02 480-560 BB515 or SG CD5-BB515**  CEP12-SG CD5-BB515 CEP17-SG 

488/561 Ch03 560-595 SO or OR CEP12-SO  17p12-OR 17p12-OR 

488/561 Ch05 640-745 SYTOX AAD Nuclear DNA Nuclear DNA Nuclear DNA Nuclear DNA 

405 Ch07 430-505 BV480 CD19** CD19** CD19** CD19** 

405 Ch08 505-570 V500c  CD3**  CD3** 

647 Ch11 640-745 AF647 CD3** CD5** CD3** CD5** 

 

*Only channels relevant to the fluorophores tested are listed. **CD3 clone SK7, CD5 clone UCTHC2, CD19 clone SJ25C1. Abbreviations: AF – Alexa 

Fluor, BF – Brightfield, BB – Brilliant Blue, BV – Brilliant Violet, CD – cluster of differentiation, CEP - Chromosome enumeration probe, Ch – Channel, Del 

– Deletion, SG – SpectrumGreen, SO – SpectrumOrange, OR- OrangeRed. 
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3.3 Imaging Flow Cytometry Acquisition 

 

           All imaging flow cytometry was performed on the two-camera AMNIS ISX 

MKII, with INSPIRE v4.1 acquisition software (AMNIS, Merck Millipore, Seattle, 

USA). Excitation lasers used for CLL analysis (Table 13) include 100mW 405 nm, 

50mW 488 nm, 150mW 561 nm and 120mW 642 nm. A 1.5mW 785 nm laser was 

also used to provide a scatter signal and measurement of AMNIS SpeedBeads for 

internal instrument calibration. Specific to CLL adapted immuno-flowFISH panels 

(Table 13), BD OptiBuild BV480 and BD Horizon V500c were excited by the 405nm 

laser and emission captured in the range 430-505nm (Ch07) and 505-570nm (Ch08) 

respectively. BD Horizon BB515 and SYTOX AADvanced DNA stain were excited 

by the 488 nm laser and emission captured in the range 480-560nm (Ch02) and 660-

740nm (Ch05) respectively. BioLegend AF647 was excited by the 642 nm laser and 

emission captured in the wavelength range 640–745nm (Ch11). Vysis SpectrumGreen 

DNA probe conjugates were excited by the 488 nm laser and emission captured in the 

range 480–560nm (Ch02). Vysis SpectrumOrange and SureFISH OrangeRed DNA 

probe conjugates were excited by the 561 nm laser and emission captured in the range 

560–595nm (Ch03). The highest image resolution configurations were used to capture 

all cell images with 60x objective magnification and extended depth of field (EDF) 

imaging (16um in focus range). Cells were identified in a scatter plot of the Aspect 

Ratio versus brightfield Area (Ch01) and approximately 10,000 to 100,000 cells were 

recorded per sample. Single stained Simply Cellular anti-mouse compensation 

standard controls and SYTOX AADvanced stained cells were analysed using 

identical laser settings in the absence of brightfield and 785 nm laser illumination to 

calculate a compensation matrix using INSPIRE v4.1 software (AMNIS). A minimum 

of 1,000 Simply Cellular compensation particles or SYTOX AADvanced stained cells 

were recorded per control sample.  

 

3.4 Data Analysis  

 

All immuno-flowFISH data analysis was performed using IDEAS v6.0 image 

analysis software (AMNIS) using compensated data. Data analysis was performed as 
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per published protocols for imaging cell cytometry [32, 34, 88]. Figure 19A-H 

provides an example of the analysis strategy performed on CLL samples for this 

project.  Specifcally, the image focus quality was evaluated using the Gradient Root 

Mean Square (RMS) contrast feature, which generates a normalised pixel intensity 

gradient on captured images based on the brightfield channel (Ch01). Images with 

better focus quality have higher Gradient RMS values, which can be confirmed by 

visual inspection. A scatter plot of the Aspect Ratio versus brightfield Area identified 

single cells from debris or cell clumps based on high Aspect Ratio and low Area 

value. A histogram based on nuclear DNA stain fluorescence intensity (i.e. SYTOX 

AADvanced) refined analysis to nucleated non-dividing single cells by excluding 

cellular events with high fluorescence intensity (dividing cells and overlapping cell 

doublets/clumps).  

Populations of interest were gated based on differential fluorescence intensity 

of CD19 (normal and neoplastic B-cells), CD5 (neoplastic B- and normal T-cells) and 

CD3 (normal T-cells) conjugated to panel-specific fluorophores. The IDEAS 

Similarity Feature was used to determine co-localisation of FISH probe signal 

(SpectrumGreen or SpectrumOrange fluorescence) with the nuclear DNA stain 

fluorescence (i.e. SYTOX AADvanced) within a masked region. This identified 

specific FISH probe signals within the nucleus from non-specific probe hybridised to 

disrupted external cell DNA adhered to the cell membrane, based on high similarity 

scores. The Spot Count Feature was then used to count the number of CEP12- 

SpectrumGreen or CEP17-SpectrumGreen probe (Ch02) spots or CEP12-

SpectrumOrange or 17p12 PMP22-OrangeRed probe (Ch03) spots per cell using an 

algorithm that takes into account the spot pixel intensity to cell background ratio and 

the radius of the spots. This automated feature utilises a Spot Mask (Bright 17.5) that 

specifically examines the connectivity of each pixel based on whether it is connected 

to a particular spot or the background to quantify specific FISH signals per 

channel/probe. Software generated spot counts per probe were further quantitatively 

verified by single parameter histograms comparing the measured fluorescence 

intensity of FISH signals for each of the spot count populations (i.e. 1-spot versus 2-

spot versus 3-spot) [34]. As changes in measured fluorescence intensity correspond to 

the number of hybridised probes, this allowed correction for overlapping signals 

inherent in 2-dimensional image projections, i.e 2-spots overlapping that appear as 
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one spot. This was required for accurate enumeration of the number of chromosomes 

(CEP17) or locus-specific (i.e. 17p) regions and distinguished monosomy (i.e. 

deletion), disomy or additional signals (e.g. trisomy) in specific cell populations. 

Resulting spot count populations were visually inspected and correlated with cell 

immunophenotype to confirm FISH specificity. Mean spot counts per cell population, 

and ratio comparisons between phenotypically-identified cell populations (normal B-

cells; neoplastic CLL cells; normal T-cells) were calculated and normalised for FISH 

interpretation. All results were compared with results from standard slide FISH 

analysis (based on assessment of 100-200 nuclei). 

 

3.5 Results: Detection of Chromosomal Abnormalities in 

CLL by Immuno-flowFISH 

 

3.5.1 Immuno-flowFISH Detection of Trisomy 12 in CLL  

CLL cases were analysed by a standardised image and fluorescence gating 

strategy to determine chromosome 12 status in phenotypically identified cells. Figure 

18 illustrates one of the cases studied (case 28) with Trisomy panel 1: Sytox 

AADvanced, CD19-BV480, CD3-AF647, CD5-BB515 and Vysis CEP12-

SpectrumOrange probe. Details of the analysis are described. 

Gating was based on brightfield image parameters (Figure 18A) and Sytox 

AADvanced DNA stain fluorescence intensity (Figure 18B) to ensure assessment 

was on focussed images of diploid single cells and differentiated from cell doublets, 

debris and clumps which would compromise spot counting accuracy. It was 

previously shown that immuno-flowFISH of normal PBMC from healthy controls 

with CD19-BV480, CD3-AF647 and CD5-BB515 identified the expected two major 

normal lymphocyte subpopulations of B-cells (CD19+ CD3- CD5-) and T-cells 

(CD19- CD3+ CD5+), with both of these cell populations showing the expected 

normal 2-spots (disomy) for CEP12 FISH probe in 80-90% of cells (Chapter 2, 

Section 2.2.3). As illustrated in Figure 18, immunophenotyping with CD19-BV480, 

CD3-AF647 and CD5-BB515 identified three major lymphocyte subpopulations. 

Results for case 28 were (Table 14 and Figures 19C-D):  
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 CLL cells: CD19+ CD3- CD5+ (40.8%)  

 Normal B-lymphocytes: CD19+ CD3- CD5- (17.9%) 

 Normal T-lymphocytes CD19- CD3+ CD5+ (10.7%)  

The remaining CD19- CD3- CD5- cells (30.2%) are likely to be comprised of 

natural killer cells and monocytes.  

An automated spot count was calculated for each of the phenotypically 

identified lymphocyte subpopulations based on a “peak mask” for FISH probe 

fluorescence. For case 28, the number of CEP12 signals (“spots”) for each 

lymphocyte population were as follows (Figure 19E-G and Figure 19H). 

 CLL cells (CD19+ CD3- CD5+): (Figure 19G) 

o 1-spot: 12.6%  

o 2 spots: 50.6% (Figure 19H, cell 1851) 

o 3 spots: 33.7% (Figure 19H, cell 1828) 

 Normal B-lymphocytes: CD19+ CD3- CD5- (Figure 19F) 

o 1-spot: 22.0%  

o 2 spots: 68.2% (Figure 19H, cell 4419) 

o 3 spots: 8.1% (Figure 19H, cell 7805) 

 Normal T-lymphocytes CD19- CD3+ CD5+ (Figure 19E) 

o 1-spot: 23.5%  

o 2 spots: 69.1% (Figure 19H, cell 259) 

o 3 spots: 6.2%  

Up to 20% of cells in each subpopulation (including normal B and T 

lymphocytes) were consistently counted and visualised as 1-spot or 3-spot cells. 

Accuracy of this count was evaluated by quantitative analysis of probe and nuclear 

stain (Figure 20). Inclusion of a co-localisation calculation on the FISH signal with a 

“nuclear mask” for Sytox AADvanced staining improved spot count accuracy by 

excluding non-specific surface bound DNA-probe debris (Figure 20B). 
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Figure 19. Immuno-flowFISH gating and analysis strategy for cell stratification and 

chromosome 12 enumeration of a representative case of CLL with trisomy 12 (+12). (A) 

Single and in focus cells were identified based on Area and Aspect Ratio and high value in 

the gradient RMS contrast parameter of the brightfield image respectively. (B) Cells were 

further evaluated by SYTOX AADvanced fluorescence intensity (Ch05, 642-745nm) to 

identify nucleated cells and exclude proliferating cells or closely overlapping doublets. (C-D) 

Populations were then stratified based on differential cell surface expression of CD19-BV480 

(Ch07, 430-505nm), CD3-AF647 (Ch11, 642-745nm) and CD5-BB515 (Ch02, 480-560nm). 

This identified T-cells (CD3+ CD5+ CD19-), B cells (CD3- CD5- CD19+) and neoplastic 

CLL cells (CD3- CD5+ CD19+). (E-G) Spot counts were then performed on each 

subpopulation using a “peak mask” on CEP12-SpectrumOrange probe (Ch03, 560-595nm) 

with an algorithm that takes into account the signal to background ratio, diameter of the spots 

and co-localisation with the SYTOX AADvanced fluorescence (Ch05, 642-745nm) nuclear 

mask to enumerate specific hybridisation spots. This feature determines the number of 1-spot, 

2-spot (disomy 12) and 3-spot (trisomy 12) cells in each phenotypically identified 

subpopulation prior to quantitative verification by fluorescence intensity analysis of spot 

count categories (i.e. correcting for overlapping spots). (H) Subpopulations gated by 

immunophenotype or spot count can be viewed in image galleries to confirm quantitative 

analysis: cell 259 is a CD19-BV480 negative, CD3-AF647 positive, CD5-BB515 positive, 

disomy 12 T cell; cell 4419 is a CD19+ CD3- CD5- disom12 B cell; cell 7805 is a CD19+ 

CD3- CD5- trisomy 12 B cell; cell 1851 is a CD19+ CD3- CD5+ disomy 12 B CLL cell; and 

cell 1828 is a CD19+ CD3- CD5+ trisomy 12 B CLL cell. Overlay images are a merge of the 

cell surface immunophenotype, CEP12 probe and SYTOX AADvanced fluorescence images. 

Data is based on 20,000 cells analysed. 

Abbreviations: AF – Alexa Fluor, BB – Brilliant Blue, BV – Brilliant Violet, CLL – Chronic 

Lymphocytic Leukaemia, CD – cluster of differentiation, Ch-channel, CEP - Chromosome 

enumeration probe, FISH – fluorescence in situ hybridisation, RMS – root mean square, SO – 

SpectrumOrange,  

CD3 clone: SK7, CD5 clone: UCTHC2 and CD19 clone: SJ25C1 

 

These unexpected spot count results were further investigated to determine the 

validity of 1- and 3- FISH intra-nuclear signals. I first determined whether the 1-spot 

cells were true single spots or two overlapping spots. To achieve this the fluorescence 

intensity of the 2-spot population was graphed and a gate set on the “2n” region 

(Figure 20C-D). Since the fluorescence intensity of the probe signal is proportional to 
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the amount of probe hybridised to the cell, a cell with only one copy of chromosome 

12 would have approximately half the fluorescence intensity of a normal cell with two 

chromosomes. Analysis of the 1-spot cells with the “2n” spot count gate found that 

97.7% of cells were within this “2n” fluorescence intensity range. These cells had a 

similar geometric mean (14139) to the 2-spot population (14386) indicating they had 

2 overlapping FISH signals (Figure 20C-E).  

A similar analysis strategy was used to assess the cells with 3-spot signals. 

This demonstrated that the majority (96.2%) had an additional CEP12 signal and were 

true trisomy 12 (+12) cells. This was evident from the fluorescence intensity 

(geometric mean of 23249) which was greater than the “2n” fluorescence intensity 

range of 2-spot counts (Figure 19F). Less than 3% of cells had 1- or 2-spots with 

fluorescence intensities similar to the 3-spot fluorescence intensity range. In other 

words, where there were 3-overlapping spots or 2-overlapping spots coupled with 1 

true spot. Less than 4% of 3-spot count cells fall within the “2n” range; these were 

likely to be attributed to incomplete hybridisation of the third chromosome (dim 

signal) or low non-specific staining accumulating as a third spot.  

Following this normalised fluorescence intensity analysis, the final numbers of 

cells with 1, 2 or 3-FISH signals were corrected for each subpopulation. It was of 

interest that a small proportion of “true” 1-spot count events remained after 

quantitative correction in all three cell populations. Visualisation of the image 

galleries verified this quantitative data (Figure 18H & 19G). The finalised spot count 

data for case 28 is shown below and in Table 14: 

 CLL cells (CD19+ CD3- CD5+):   

o 1 spot 2.1% 

o 2 spots: 63.2% (Figure 19H, cell 1851) 

o 3 spots: 34.7% (Figure 19H, cell 1828) 

 Normal B-lymphocytes: CD19+ CD3- CD5-   

o 1 spot: 1.43% 

o 2 spots: 94.2%  

o 3 spots: 4.4% (Figure 19H, cell 7805). 
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 Normal T-lymphocytes CD19- CD3+ CD5+  

o 1 spot: 0.76% 

o 2 spots: 99% 

o 3 spots: 0.2%  

 

Table 14. Immuno-flowFISH analysis of a representative case of CLL with trisomy12 

(+12). Results include adjustment for fluorescence intensity of the CEP12 signals due 

to spot overlay (“fluorescence adjusted”). 

Population 
Sample 

(%) 

% of population 

(raw calculation) 

% of population 

(fluorescence adjusted) 

1-spot 2-spot 3-spot 1-spot 2-spot 3-spot 

T-cells 

(CD3+ CD5+ CD19-) 
10.7 23.5 65.6 6.22 0.76 99.0 0.24 

B-cells 

(CD3- CD5- CD19+) 
17.9 22.0 67.2 8.1 1.43 94.2 4.37 

CLL cells 

(CD3- CD5+ CD19+) 
40.8 12.6 50.6 33.7 2.1 63.2 34.7 

 

The reliability of immuno-flowFISH based immunophenotyping results was 

validated by comparison with unstained and isotype controls during 

immunophenotyping, prior to acid denaturation and hybridisation as shown in the 

immuno-flowFISH optimisation data on healthy blood. This technical evaluation was 

also performed on immuno-flowFISH processing of all CLL cases, to confirm 

reliability and accuracy of immunophenotyping throughout the protocol. This again 

involved the analysis of fluorescence intensity distributions (Figure 21) and 

subpopulation size (Table 15) pre and post hybridisation in comparison to unstained 

cells post hybridisation to control for increased autofluorescence due to processing. 
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Figure 20. Quantitative analysis of fluorescence intensity for accurate CEP12 spot counting 

in a representative CLL case with trisomy 12. (A) By measuring the SYTOX AADvanced 

fluorescence intensity (Ch05, 642-745nm) and applying the DNA staining as a nuclear mask 

to the spot counting mask (cell 2086 right image), false positive spot counts events (B) 

attributed to doublets (cell 2197), proliferating cells (cell 2642) and non-specific probe 

hybridisation outside of the nucleus (cell 2086) can be eliminated. (C) Algorithm generated 

spot counts for all subpopulations, in this example the CD19+ CD5+ CLL subpopulation, 

were further verified by quantitative analysis of the fluorescence intensity distributions for 

each spot count category (1, 2, or 3) with “2n” being the fluorescence intensity range for 

disomic cells (Ch03, 560-595nm). (D) Fluorescence intensity of the 2-spot counts (98.1%) 

defines the “2n” intensity range. (E) Analysis of the 1-spot events using the “2n” gate found 

97.7% of 1-spot count events have a similar fluorescence intensity to true 2-spot counts 

indicating they are 2 spots overlapping. (F) The majority of 3-spot count events (98.1%) have 

fluorescence intensities greater than the 2n intensity range indicating that these are true 

trisomy 12 positive cells. (G) Representative examples of 1-spot (cell 7487 with 2-

overlapping spots), true 2-spot (cell 1643) and true 3-spot (cell 4993) counts. 

Abbreviations: AF – Alexa Fluor, BB – Brilliant Blue, BV – Brilliant Violet, CLL – Chronic 

Lymphocytic Leukaemia, CD – Cluster of differentiation, Ch - Channel, CEP - Chromosome 

enumeration probe, FISH – fluorescence in situ hybridisation, RMS – root mean square, SO – 

SpectrumOrange.  

 

Table 15. Reliable immuno-flowFISH immunophenotyping results for CLL case 28 

(trisomy 12 positive) based on subpopulation sizes post immunophenotyping before 

hybridisation. 

Population CD19+ cells CD3+ cells CD5+ cells 

Post immunophenotyping 59.0% 10.7% 51.5% 

Post immuno-flowFISH 58.0% 12.1% 50.5% 

 

Although fluorescence intensity of immunophenotyped subpopulations 

slightly decreased and autofluorescence of the unstained cells increased after 

hybridisation, all subpopulations could still be reliably resolved (Figure 21). In 

addition, subpopulation sizes were preserved between the initial immunophenotyping 

and post immuno-flowFISH for all three cell surface markers (Table 15).  



115 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 21. Validation of immunophenotyping with the immuno-flowFISH protocol. A 

representative case of CLL with (+12) demonstrating immunophenotyping in an aliquot 

removed from the sample directly after immunophenotyping (prior to hybridisation). The 

reliability of the final immunophenotyping result was determined by the comparison of 

subpopulation fluorescence intensity analysis for (A) CD19 clone SJ25C1 conjugated with 

BV480 (Ch07, 430-505nm), (B) CD5 clone UCHT2 conjugated with BB515 (Ch02, 480-

560nm) and (C) CD3 clone SK7 conjugated with AF647 (Ch11, 642-745nm). Despite the 

increase in the autofluorescence and marginal loss of specific immunofluorescence post 

immuno-flowFISH compared to cells post immunophenotyping, specific subpopulations were 

still reliably resolved and accurately statistically quantified by all cell surface markers after 

the full protocol. 

Abbreviations: AF – Alexa Fluor, BB – Brilliant Blue , BV – Brilliant Violet, CLL – Chronic 

Lymphocytic Leukaemia, CD – Cluster of differentiation, Ch - Channel, FISH – fluorescence 

in situ hybridisation 
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3.5.1.1 Alternative Immuno-flowFISH Detection Panels for Chromosome 12  

Different antibody and probe fluorescent conjugate combinations were 

evaluated to compare robustness, reproducibility and the potential for future panel 

development. Two panels (Table 13) were developed based on Vysis CEP12 probes 

with the same antibodies but different fluorophore conjugates:  

 Panel 1: Vysis CEP12 SpectrumOrange, CD19-BV480, CD5-BB515 and 

CD3-AF647  

 Panel 2: Vysis CEP12 SpectrumGreen, CD19-BV480, CD5-AF647 and CD3-

V500c  

These panels gave comparable results when using the standardised analysis 

strategy (Figure 19), as shown in Table 16. Representative phenotypic 

subpopulations were resolvable in bivariate scatter plot analysis and similar spot 

counting was achieved for both (Figure 22)  

 Panel 1: Vysis CEP12 SpectrumOrange (Figure 22A).  

o 92.3% CD19+ CD5+ CLL cells  

 94.7% 2-spots  

 0.47% 3-spots  

o 2.53% CD3+ CD5+ T-cells 

 95.6% 2-spots  

 0.47% 3-spots  

 Panel 2: Vysis CEP12 SpectrumGreen (Figure 22C). 

o 92.8% CD19+ CD5+ CLL cells  

 95.0% 2-spots  

 0.54% 3-spots  

o 2.31% CD3+ CD5+ T-cells  

 95.2% 2-spots  

 0.66% 3-spots for SpectrumGreen (Table 16).  
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Figure 22. Comparison of alternate immuno-flowFISH panels for immunophenotyping and 

CEP12 in CLL analysis. Two immuno-flowFISH panels were used in the translational 

validation for CLL cases in this study. Hierarchical gating analyses were standardised across 

both panels (i.e. gating on SYTOX AADvanced positive single in-focus cells) with the 

appropriate compensation controls. (A) immuno-flowFISH analysis with SpectrumOrange 

panel (panel 1) consisting of Vysis CEP12 SpectrumOrange (Ch03, 642-745nm), CD19 clone 

SJ25C1 conjugated with BV480 (Ch07, 430-505nm), CD3 clone SK7 conjugated with AF647 

(Ch11, 642-745nm) and CD5 clone UCHT2 conjugated with BB515 (Ch02, 480-560nm). (B) 

Representative images of a disomy 12, CD19-BV480 positive, CD3-AF647 negative, CD5-

BB515 positive CLL cell (cell 46) and a disomy 12, CD19- CD3+ CD5+ T-cell (cell 75). (C) 

immuno-flowFISH analysis of the same CLL case with the SpectrumGreen panel (panel 2) 

consisting of Vysis CEP12 SpectrumGreen (Ch02), CD19 clone SJ25C1 conjugated with 

BV480 (Ch07), CD3 clone SK7 conjugated with V500c (Ch08, 505-595nm) and CD5 clone 

UCHT2 conjugated with AF647 (Ch11). (D) Representative images of a CLL with two copies 

of chromosome 12 as detected with CEP12, CD19-BV480 positive, CD3-V500c negative, 

CD5-AF647 positive CLL cell (cell 29) and a disomy 12, CD19- CD3+, CD5+ T-cell (cell 

9431). Immunophenotyping and spot count results for both panels were comparable and 

reproducible. 

Abbreviations: AF – Alexa Fluor, BF – brightfield, BB – Brilliant Blue, BV – Brilliant 

Violet, CD – Cluster of differentiation, CEP - Chromosome enumeration probe, Ch – 

Channel, CLL – Chronic Lymphocytic Leukaemia 

 

Table 16. Reproducible SpectrumOrange and SpectrumGreen immuno-flowFISH 

analysis of chromosome 12 enumeration by immunophenotype on a representative 

CLL case without trisomy 12.  

Population & 

CEP12 Panel 

CD19+ CD3- CD5+ CLL CD19- CD3+ CD5+ T-cells 

Gated % 

sample 

2-spot % 

population 

3-spot % 

population 

Gated % 

sample 

2-spot % 

population 

3-spot % 

population 

SpectrumOrange 92.3% 94.7% 0.47% 2.53% 95.6% 0.47% 

SpectrumGreen 92.8% 95.0% 0.54% 2.31% 95.2% 0.66% 
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3.5.1.2 Clinical Studies of Chromosome 12 Enumeration of CLL: Detection of 

CLL with Trisomy 12 

A total of 50 CLL cases were analysed for CEP12 by immuno-flowFISH. A 

minimum of 10,000 cells was counted for each case. Eight of the 50 cases (16%) 

showed trisomy 12. These results were 100% concordant with diagnostic results using 

standard slide-based FISH. The results for all cases are summarised in Table 17.   

 

Table 17. Summary of immuno-flowFISH results for all CLL cases (without and with 

trisomy 12) confirmed by conventional diagnostic FISH.  

Standard FISH 

Diagnosis 

 

Immuno-flowFISH analysis 

Diploid 12 

(n= 42) 

CD19+ CD5+ CLL CD19+ CD5- B-cells CD3+ CD5+ T-cells 

2-Spots 3-Spots 2-Spots 3-Spots 2-Spots 3-Spots 

Mean % 95.5 ± 3.18 0.34 ± 0.27 93.6 ± 3.84 0.72 ± 0.12 94.7 ± 3.65 0.42 ± 0.31 

Range % 86.2 - 99.7 89.3 - 96.9 89.3 - 96.9 0.62 - 0.85 87.6 - 99.9 0 - 0.92 

 

Trisomy 12 

(n= 8) 

CD19+ CD5+ CLL CD19+ CD5- B-cells CD3+ CD5+ T-cells 

2-Spots 3-Spots 2-Spots 3-Spots 2-Spots 3-Spots 

Mean % 48.6 ± 18.8* 43.2 ± 15.1* 79.7 ± 20.2 17.5 ± 18.6* 94.7 ± 3.76 0.45 ± 0.54 

Range % 24.5 - 81.3 20.9 – 64.5 65.4 – 94.0 4.37 - 30.7 87.6 - 99.0 0 - 1.48 

 

* Denotes statistically significant difference from other sub-population spot counts 

(i.e. compared to all other phenotypic subgroups within the same set of trisomy 12 

samples and/or all other phenotypic subgroups in disomy 12 samples) 

*Trisomy 12 CLL versus all healthy T-cell subpopulations (2 and 3-spot counts) = 

p<0.0004  

*Trisomy 12 CD19+ CD5+ CLL versus all cell subpopulations in disomy 12 cases (2-

spot and 3-spot counts) = p<0.0001 
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*Trisomy positive CD19+ CD5+ CLL cells versus Trisomy positive CD19+ CD5- B-

cells (2-spot and 3-spot counts) = p>0.0087 

 

There were 42 cases with 2 spots for CEP12 (i.e. normal number of 

chromosome 12 centromere signals). The mean number of cells with 2-spots was 95% 

(range = 86.2 – 99.7%) in the CLL cells, B- and T-lymphocytes and less than 1% of 

cells (range = 0 – 0.92%) had 3-CEP12 spots. Multiple one-way ANOVA 

comparisons suggest that there was no statistically significant difference between the 

2-spot (p>0.26) and 3-spot counts (p>0.75) detected across all three-cell 

subpopulations. In CLL cells (CD19+ CD5+), the 95% confidence interval around the 

mean for 2-spots is between 94.4 – 96.9% and between 0.22 – 0.41% for 3-spots, 

which is similar to both B-cells and T-cells. Overall this demonstrates that almost all 

cells or subpopulations to be diploid (i.e. normal) for chromosome 12. 

Immuno-flowFISH accurately identified 8 of 50 cases to have trisomy 12 

(+12). There was inter-case variability in the percent of CLL cells with trisomy 12. 

The number of CLL cells with trisomy 12 ranged from 20.9 – 64.5% (mean 43.2 ± 

15.1%); the number of disomic CLL cells ranged from 24.5 – 81.3% (mean 48.6 ± 

18.8%). This suggests that although immuno-flowFISH can detect trisomy 12 in 

neoplastic cells, the proportion of neoplastic clones was highly heterogeneous and 

case specific, potentially indicating the presence of different clonal subpopulations. 

Both CLL 2- and 3-spot counts were very statistically significantly different from T-

cells spot counts (p<0.0004) in these samples. Comparison of CLL spot-counts in 

trisomy 12 CLL cases with all cell subpopulations in disomic cases also revealed 

great statistically significant difference for both 2-spot and 3-spot counts (p<0.0001). 

Trisomy 12 cases accounted for 83.0% of the variance in 2-spot counts and 87.6% of 

the variance in 3-spot counts compared to disomy 12 subpopulations, further 

highlighting the statistical significance of CLL spot counts in trisomy 12 cases.  

Sample normalised proportions and absolute numbers of 3-spot CLL cells 

(CD19+ CD5+) detected in each of the trisomy 12 cases were evaluated (Table 18). 

The percentage of 3-spot events in CLL cells (CD19+ CD5+) ranged from 20.9 – 

64.5% and this corresponded to a range of 0.13 – 46.0% or 26 – 5,356 cells detected 

as 3-spot CLL cells (CD19+ CD5+) in trisomy 12 cases (up to 20,000 cells analysed 

on average). This further demonstrates the sensitivity and specificity of immuno-
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flowFISH detection to reliably quantify 3-spot events in phenotypically identified 

CLL cells (CD19+ CD5+) regardless of its variability or rarity in all specific cases of 

trisomy 12 positive samples analysed. This also highlights the quantitative power 

derived from precise FISH analysis in relevant neoplastic cells of interest defined 

phenotypically where proportions of aneuploidy events are statistically significantly 

greatest regardless of disease level. 

 

Table 18. Proportions of 3-spot cells detected by immuno-flowFISH in trisomy 12 

cases confirmed by standard diagnostic FISH. 

Trisomy 12 

diagnosed CLL 

cases (n=8) 

% 3-Spots in 

CD19+ CD5+    

CLL cells 

% 3-Spot CD19+ 

CD5+ CLL cells 

in sample (all 

cells) 

Number of 

CD19+ CD5+    

CLL 3-Spot cells 

in sample 

Patient 1 47.5 27.9 5,124 

Patient 2 64.5 35.0 6,328 

Patient 3 59.7 46.0 9,111 

Patient 4 33.2 13.4 2,219 

Patient 5 20.9 0.13 26 

Patient 6 44.8 7.30 1,460 

Patient 7 36.5 28.5 5,346 

Patient 8 42.6 10.2 1,958 

 

It was noted that there were CD5-negative cells that were classified as 

“normal B-cells” by immunophenotyping that had trisomy 12 (3-spots), accounting 

for 4.37 – 30.7% (mean 17.5 ± 18.6%) of this population. In contrast this was not seen 

in the T-lymphocytes that all had 2-spots. This indicates that in some CLL cases with 

trisomy 12, the neoplastic cells have little or no CD5 expression. This demonstrates 

that there is phenotypic heterogeneity within the +12 CLL clone with variable 

expression of CD5 antigen (e.g. Figure 19H cell 7805). The difference in both 2-spot 

and 3-spot counts between CD19+ CD5- B-cells and CD19+ CD5+ CLL cells in 

trisomy 12 cases was statistically significantly different (p>0.0087). Trisomy 12 B-

cell 2-spot counts were not statistically significantly different to T-cells and disomy 

12 B-cell counterparts (p>0.05). However, trisomy 12 B-cell 3-spot counts were 
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statistically significantly different from all disomy 12 subpopulations. B-cells in 

trisomy 12 cases accounted for 10.4% of the variance in 3-spot counts compared to 

disomy 12 subpopulations, highlighting statistical signifcicance.  

In the T-cell (CD3+ CD5+) subpopulations 95% of cells had a 2-spot count 

with less than 0.5% attributed to 3-spot counts. This result was not statistically 

different compared to the 2 and 3-spot counts for T-cells or B-cells enumerated in 

disomy 12 cases (p>0.7). T-cells in trisomy 12 cases accounted for 0% of the variance 

in both 2-spot counts and 3-spot counts compared to disomy 12 subpopulations, 

demonstrating high statistical concordance in spot-counts between these two groups.   

Visual interrogation of quantitatively corrected spot-count galleries for all 

trisomy 12 CLL cases was performed to determine mean true-spot counts per cell 

(nomalised to subpopulation size) and resulting spot count ratios (Table 19).  

Spot count ratio = mean spot count CLL / mean spot count T-lymphocytes 

This data analysis verified the importance of visual examination of the 

galleries in addition to quantitative calculations of spot counts. Together this yielded 

absolute true-spot counts, mean spot counts per cell (total number of spots normalised 

to subpopulation size/number of cells) and resulting spot count ratios. This provided 

further statistical evaluation and standardisation of the analysis of spot count 

differences between phenotypically identified subpopulations (i.e. CLL versus T-

cells) to confirm and compare FISH results across all CLL cases.  

This provided further evaluation of spot count differences between CLL 

(CD19+ CD5+) and T-cell (CD3+ CD5+) subpopulation correlated to diagnosis. As 

demonstrated, the highest mean spot-count was determined in CLL cells from trisomy 

12 cases (2.453) compared to diploid T-cells in these cases (2.007) and all other 

diploid cell subpopulations from disomy 12 CLL cases (2.003- 2.006) and healthy 

blood controls (2.003 – 2.007). The range of resulting spot count ratios between the 

mean spot count in CLL or B-cell (control) subpopulations and the mean spot count in 

respective T-cell subpopulations was highest and greater than one in all trisomy 12 

cases (1.089 – 1.362). All spot count ratios derived in trisomy 12 cases were higher 

than any spot count ratios determined in disomy 12 CLL (0.998 – 1.004) and healthy 

blood controls (0.997 – 1.002). 
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Table. 19. CEP12 spot count ratio analysis of neoplastic CLL cells and normal T-

cells as determined by immuno-flowFISH analysis for trisomy 12 CLL cases. 

Confirmed 

Samples 

Mean spot count 

in CD19+ CD5+ 

CLL cells 

Mean spot count in 

CD3+ CD5+ T-cells 

Spot Count Ratio 

and Range 

(CLL/T-cells) 

Control (n=3) 2.007 2.003 0.997 – 1.002 

Disomy 12 CLL 

(n=42) 
2.003 2.006 0.998 – 1.004 

Trisomy 12 CLL 

(n=8) 
2.453 2.007 1.089 – 1.362 

 

3.5.2 Immuno-flowFISH Detection of del(17p) in CLL 

A total of 10 diagnostically confirmed CLL cases were analysed for del(17p) 

by immuno-flowFISH. Cases were analysed “blind” without knowledge of 17p status. 

The analysis strategy for del(17p) detection used three immunophenotypic markers 

(i.e. CD3, CD5 and CD19) and two probes (i.e. CEP17 and 17p12). CEP17 was 

included as a control to assess the number of copies of chromosome 17. 

Representative data is shown in Figure 23.  

The analysis strategy was similar to that used for assessment of CEP12 copy 

number using a combination of quantitative fluorescence and image-based analysis 

features. Single and in-focus nucleated cells were identified for analysis based on 

brightfield image parameters and Sytox AADvanced DNA stain fluorescence 

intensity. Using a panel consisting of CD3-V500c, CD5-AF647 and CD19-BV480 

markers, two distinct subpopulations of cells were identified (Figure 23A), the major 

population was CD19+ CD5+ CD3- CLL cells (92.0%) and the minor population was 

CD3+ CD5+ CD19 T-cells (3.42%). 

Primary enumeration of specific FISH spots in each phenotypically identified 

subpopulation was performed using the IDEAS automated software spot-counting 

feature. This consisted of an algorithm that takes into account the signal to 

background ratio, diameter of the spots and co-localisation with nuclear mask (Sytox 

AADvanced) and based on “peak masks” on green spots (diploid) for Vysis CEP17-SG 
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Figure 23. Immuno-flowFISH analysis of a representative CLL case with deletion of 17p 

utilising dual CEP17 and 17p12 probes and immunophenotypic markers. Patient PBMC 

stained with CD3-V500c clone SK7 (Ch08, 505-570nm), CD5-AF647 clone UCHTC2 (Ch11, 

642-745nm) and CD19-BV480 clone HIB19 (Ch07, 430-505nm) were assessed by immuno-

flowFISH and hybridised with Vysis CEP17-SpectrumGreen and SureFISH 17p12-

OrangeRed probes for analysis on an AMNIS ISX MKII. All spot counts were calculated on 

Sytox AADvanced positive single, in-focus cells, and were performed using an IDEAS 

automated software spot-counting feature which used “peak masks” on Vysis CEP17 probe 

(Ch02, 480-560nm) and SureFISH 17p12 probe (Ch03, 560-595nm) with an algorithm that 

takes into account the signal to background ratio, diameter of the spots and co-localisation 

with nuclear mask (Sytox AADvanced) to enumerate specific hybridisation spots. This 

determined the number of cells with specific 1-spot, 2-spot, 3-spot and 3+spot signals for 

chromosome 17 and locus 17p. Further verification of spot counts was achieved through 

visual analysis of spot-count galleries to accurately confirm true-spot counts, mean spot 

counts per subset (nomalised to subpopulation size) and further statistically evaluate spot 

count differences between CLL and T-cell subpopulations with spot count ratios. Data from a 

representative experiment demonstrated that cell subpopulations were specifically identified 

by characteristic expression of surface immunophenotype as shown in (A) bi-colour dot-plots 

where T-cells (3.42%) were CD5 positive and 19 negative; and neoplastic CLL cells (92.0%) 

were CD5 and CD19 positive. Software derived “spot counting” (without MFI corrections) 

for each probe was performed on (B) T-cells (CD5+ CD19-) and (C) CLL cell (CD19+ 

CD5+) populations. (D) The 17p12 “spot counts” for CLL cells were higher around the 1-spot 

and lower around the 2-spot range in contrast to T-cells. Further analysis of gated 

subpopulations showed that the average spot count for CLL cell subpopulation (1.702) was 

lower than that compared to the T-cell subpopulation (1.973) and overall yielded spot count 

ratio between the two populations lower than 1 (0.862). (E) Representative images confirm 

specific FISH analyses and cell immunophenotype. Object 5904 shows a normal CD3-V500c 

and CD5-AF670 positive, CD19-BV480 negative T-cell with paired and nuclear co-localised 

2-spot (normal diploid) signals for both Vysis CEP17-SG and SureFISH 17p12-OR probes (2 

green and 2 yellow FISH signals) and Object 1468 shows a CD19-BV480 and CD5-AF647 

positive, CD3-V500c negative neoplastic CLL cell with paired and nuclear co-localised 2-

spot (normal diploid) FISH signals for both Vysis CEP17-SG and SureFISH 17p12-OR 

probes (2 green and 2 yellow FISH signals). Objects 1227 and 2169 show CD19-BV480 and 

CD5-AF647 positive, CD3-V500c negative neoplastic CLL cells with 2 nuclear co-localised 

probe and 1 co-localised yellow spot (to a CEP17 spot) for SureFISH 17p12-OR probe 

indicating for a deletion in 17p in this clonal subpopulation of cells. The overlay image is a 
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merge of the immunophenotyping, Vysis CEP17-SG and SureFISH 17p12-OR probe and 

nuclear SYTOX AADvanced images. Data was based on 10,000 cells analysed. 

Abbreviations: AF – Alexa Fluor, BF – brightfield, BB – Brilliant Blue, BV – Brilliant 

Violet, CD – Cluster of differentiation, CEP - Chromosome enumeration probe, Ch – 

Channel, CLL – Chronic Lymphocytic Leukaemia, FISH – fluorescence in situ hybridisation, 

ISX MKII – ImageStreamX MarkII, OR – OrangeRed, SG – SpectrumGreen 

 

Vysis CEP17 probe (Ch02, 480-560nm) and SureFISH 17p12 probe (Ch03, 

560-595nm). This determined the number of cells with specific 1-spot, 2-spot, 3-spot 

and 3+spot signals for chromosome 17 and locus 17p (Figure 23D). The 17p12 spot 

profiles showed:  

 T-lymphocytes: CD3+ CD5+ CD19 (Figure 23B)  

o 0-spots (18%)  

o 1-spot (25%)  

o 2-spots (29%)  

o 3-spots (17%)  

o 3+Spots (11%),  

 CLL cells: CD19+ CD5+ CD3- CLL cells (Figure 23C)  

o 0-spots (12%)  

o 1-spot (33%)  

o 2-spots (23%)  

o 3-spots (14%)  

o 3+Spots (18%).  

However, the CEP17 probe reliably gave 2-spot signals for both the CLL and 

T-lymphocyte populations for all cases (normal and CLL samples) assessed for 

del(17p).. The 2-spot counts for CEP17 are comparable to the 2-spot counts of CEP1 

and CEP12 in diploid samples (i.e. >95% of cells) as shown previously, providing a 

robust internal control for chromosomal analysis of 17p. True 17p spots present are 

co-localised to CEP17 FISH signals, therefore del(17p) events were confirmed if one 

17p signal (orange) co-localised to one of the two CEP17 signals (green). 
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These automated quantitative spot counting results for the locus specific 

17p12 probe suggested differences between normal (T-lymphocytes) and CLL. 

However, this quantitative data was not deemed reliable. The explanations include the 

limits of the software and signal detection sensitivity (i.e. dynamic range for 

fluorescence intensity quantification) and the small probe target (locus specific region 

is 458kb in size). Therefore, further visual analysis was required of the spot-count 

image galleries for all del(17p) evaluated CLL cases (i.e. Figure 23E) for the reliable 

FISH analysis of 17p12 probe bound per cell. True mean spot counts (normalised to 

subpopulation size) and resulting spot count ratios (i.e. ratio = mean CLL 17p spot 

count / mean T-cell 17p spot count) from this analysis were used to establish the 

differences between CLL cells and T-lymphocytes. Loss of 17p was indicated if the 

mean CLL 17p spot count was less than mean T-cell 17p spot count or a mean17p 

spot count ratio of less than 1. 

As shown in the case presented (Figure 23D), the mean spot count of CLL 

cells for 17p12 was 1.702 (compared with T-cells, 1.973) with mean 17p/CEP17 spot 

count ratio of 0.862. These results are consistent with loss of 17p signals in a 

proportion of CLL cells. Image galleries by immunophenotype and by spot count 

categories verify spot count analysis of del(17p) cases (Figure 23E). Object 5904 

shows a normal diploid T-cell with paired and nuclear co-localised 2-spot signals for 

both Vysis CEP17-SG and SureFISH 17p12-OR probes (2 green and 2 yellow FISH 

signals) and Object 1468 shows a diploid CLL cell with paired and nuclear co-

localised 2-spot FISH signals for both Vysis CEP17-SG and SureFISH 17p12-OR 

probes (2 green and 2 yellow FISH signals). Objects 1227 and 2169 show del(17p) 

neoplastic CLL cells with 2 nuclear co-localised green spots (diploid) for Vysis 

CEP17-SG probe and 1 co-localised yellow spot (to a CEP17 spot) for SureFISH 

17p12-OR probe indicating for a deletion in 17p for this clonal subpopulation of 

neoplastic cells. 

Mean true-spot counts per cell (normalised to subpopulation size) and 

resulting spot count ratios were calculated for all del(17p) evaluated CLL cases to 

standardise differences in CLL (CD19+ CD5+) and T-cell (CD3+ CD5+) spot 

counting results correlated to diagnosis (Table 20). The lowest mean spot-count for 

17p in CLL was 1.806; T-cells in the same sample were 1.980. For CLL without 

del(17p) ratios were 1.952 - 1.963 and for healthy blood controls 1.948 - 1.955. The 
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spot count ratios (17p/CEP17) for del(17p) negative CLL ranged from 0.994 – 1.007 

and for healthy donor control blood 0.992 – 1.003. This demonstrates that normal 

diploid copies of 17p and CEP17 were detectable with the majority of cells having 2-

spots for both probes. 

Table 20. 17p12 spot count ratio analysis of neoplastic CLL cells and normal T-cells 

as detected by immuno-flowFISH for CLL deletion 17p cases. 

Confirmed 

Samples 

Mean spot count 

in CD19+ CD5+ 

CLL cells 

Mean spot count in 

CD3+ CD5+ T-cells 

Spot Count Ratio 

and Range 

(CLL/T-cells) 

Control (n=3) 1.948 1.955 0.992 – 1.003 

Diploid 17p CLL 

(n=5) 
1.963 1.952 0.994 – 1.007 

del(17p) CLL (n=5) 1.806 1.980 0.862 – 0.961 

 

Of the 10 cases tested, five were identified to have del(17p). These cases all 

had 2 FISH spots for CEP17 and some cells with only 1 spot for 17p12. There was 

100% concordance between immuno-flowFISH detection of del17p and traditional 

FISH. Immuno-flowFISH results (based on spot count ratios between CLL and T-cell 

subpopulations) have been summarised based on the del(17p) diagnoses by standard 

FISH (Table 20). The percentage of 1-spot events in CLL cells (CD19+ CD5+) 

ranged from 9.01 – 29.8% and this corresponded to a range of 3.52 – 22.8% and 366 – 

3,382 cells detected as 1-spot CLL cells in del(17p) positive cases (up to 20,000 cells 

analysed on average). Sample normalised proportions and absolute numbers of 1-spot 

CLL cells (CD19+ CD5+) detected in each of the del(17p) positive cases were 

evaluated (Table 21). The absolute concordance with traditional FISH demonstrates 

the capacity of immuno-flowFISH to detect del17p. Of particular note was the lowest 

level detected was 3.5% del(17p) cells. This patient was known to have del(17p) and 

receiving treatment at the time of testing. The result is below the reportable limit of 

detection by standard FISH (7% positive). This demonstrates the power of immuno-

flowFISH due to the addition of immunophenotype to FISH, as well as the large 

number of cells analysed (mean 20,000 versus 200 in standard FISH). 
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Table 21. Proportions of 1-spot cells detected by immuno-flowFISH in deletion 17p 

cases confirmed by standard diagnostic FISH. 

 

 

 

 

 

 

 

 

 

3.5.3 Immuno-flowFISH of Two Interesting CLL cases  

Two rare cases of CLL identified during the CLL evaluation are described.  

Case 1: A patient with CLL trisomy 12 was being monitored following 

chemotherapy to assess response. The leucocyte count was 6.44 x 109/L and on 

standard flow cytometry there were 1-2% of CD19+ CD5+ CLL cells (<100 events). 

The diagnosis was that there was low-level residual CLL. Immuno-flowFISH was 

performed with CD3, CD5, CD19 antibodies and CEP12 probe and 10,000 cells 

analysed (Figure 24). The data showed 0.63% cells with the CLL immunophenotype 

with 20.9% having 3 spots for CEP12 (total of 0.13% lymphocytes). The spot count 

ratio (CLL / T-lymphocytes) was 1.10, confirming the increased number of 

chromosome 12 copies compared with the control T-lymphocytes. The normal B- and 

T-lymphocytes and other cells irrespective of population size had very similar spot 

counting profiles in terms of 2-spots (around 95%) and 3-spots (0.5%), contributing 

3-spot events (0.2%), average spot count (2.0) and identical spot count ratio 

(B/T=1.0). Representative gallery images of the CLL cells and FISH signals are 

shown in Figure 25. This case demonstrates the extreme sensitivity of immuno-

flowFISH. Trisomy 12 was detectable in 0.13% of lymphocytes, and these were 

confirmed as CLL by their immunophenotype. This indicates a potential application 

of immuno-flowFISH for minimal residual disease detection and monitoring 

treatment response. 
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Figure 24. Immuno-flowFISH analysis of a treated sub-clinical (residual disease) CLL case 

with trisomy 12 (+12) utlising CEP12 and immunophenotypic markers. Patient PBMC 

stained with CD3-AF647 clone SK7 (Ch11, 642-745nm), CD5-BB515 clone UCHTC2 

(Ch02, 480-560nm) and CD19-BV480 clone HIB19 (Ch07, 430-505nm) were assessed by 

immuno-flowFISH and hybridised with Vysis CEP12-SpectrumOrange for analysis on an 

AMNIS ISX MkII. All spot counts were on single and in-focus cells, and were performed 

using an IDEAS automated software spot-counting feature which used “peak masks” on 

Vysis CEP12 probe (Ch02, 480-560nm) with an algorithm that takes into account the signal 

to background ratio, diameter of the spots and co-localisation with nuclear mask (Sytox 

AADvanced) to enumerate specific hybridisation spots. This determined the number of cells 

with specific 1-spot, 2-spot, 3-spot and 3+spot signals for chromosome 12. Quantitative 

fluorescence intensity analysis was performed to correct for true 1-spots, 2-spot and 3-spots 

for CEP12 FISH analysis. (A) Cell subpopulations were specifically identified by 

characteristic expression of surface immunophenotype in bi-colour dot-plots, T-cells (49.9%) 

were CD3/CD5 positive; CD19 negative, neoplastic CLL cells (0.63%) were CD19/CD5 

positive; CD3 negative, normal B-cells (2.48%) were CD19 positive; CD3/CD5 negative and 

other cells (44.6%) which were CD19/CD5/CD3 negative. Software derived “spot counts” for 

CEP12 probe were performed on the four subpopulations of (B) T-cells, (C) CLL cells, (E) B-

cells and (D) other cells . (F) After quantitative correction by fluorescence intensity and 

manual gallery image confirmation of spot count populations the CLL cell (CD19+ CD5- 

CD3-) population was demonstrated to have a significantly higher proportion of 3+spot count 

cells for CEP12 (20.9%), mean spot count (2.21) and greatest spot count ratio with T-cells 

(1.10) compared to all three other subpopulations even though it had the smallest contribution 

of cells with 3-spots in the overall sample. Data was based on 10,000 cells analysed. 

Abbreviations: AF – Alexa Fluor, BF – brightfield, BB – Brilliant Blue, BV – Brilliant 

Violet, CD – Cluster of differentiation, CEP - Chromosome enumeration probe, Ch – 

Channel, CLL – Chronic Lymphocytic Leukaemia, FISH – fluorescence in situ hybridisation, 

ISX MKII – ImageStreamX MarkII, SO – SpectrumOrange 

 

Case 2: The second CLL case of interest had been shown to have atypical 

cytogenetic and immunophenotyping results at presentation. Although being 

CD5/CD19-positive at presentation, there had been sequential down-regulation and 

loss of CD5 antigen with therapy. FISH had identified tetrasomy for chromosomes 12 

and 17, deletion 17p was detected by standard FISH studies and in addition there was  
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Figure 25. Image galleries derived from immuno-flowFISH analysis of the treated sub-

clinical (residual disease) CLL case with trisomy 12 (+12) CLL. Representative images in this 

figure confirm specific FISH analyses and cell immunophenotype. (A) Gallery shows 

examples of normal diploid cells identified in the sample. Object 163 shows a normal CD3-

AF647 (Ch11, 642-745nm), CD5-BB515 (Ch02, 480-560nm) and CD19-BV480 (Ch07, 430-

505nm) negative cell (e.g. granulocyte). Object 102 shows a normal CD3/CD5 positive 

CD19-BV480 negative T-cell and object 1707 shows a normal CD19 positive CD5/CD3 

negative B-cell. The cells in this gallery (T-cells, B-cells and other cells) have normal 

cytogenetics (diploid) with nuclear co-localised 2-spot FISH signals for Vysis CEP12-SO 

probe. (B) Gallery shows examples of neoplastic CLL cells with disomy 12 and trisomy 12 

(+12) identified in the sample. Object 2000 shows a CD19/CD5 positive CD3 negative 

neoplastic CLL cell with paired and nuclear co-localised 2-spot FISH signals for CEP12, 

while objects 2894, 4971 and 8288 are representative examples of trisomy 12 positive (+12) 

neoplastic CLL cells which are CD19/CD5 positive CD3 negative and have nuclear co-

localised 3-spot FISH signals for Vysis CEP12-SO probe. The overlay image is a merge of 

the immunophenotyping, Vysis CEP12-SO, and nuclear SYTOX AADvanced images. Data 

was based on 10,000 cells analysed. 

Abbreviations: AF – Alexa Fluor, BF – brightfield, BB – Brilliant Blue, BV – Brilliant 

Violet, CD – Cluster of differentiation, CEP - Chromosome enumeration probe, Ch – 

Channel, CLL – Chronic Lymphocytic Leukaemia, FISH – fluorescence in situ hybridisation, 

ISX MKII – ImageStreamX MarkII, SO – SpectrumOrange 

 

doubling of the remaining 17p clone (2 FISH signals). Immuno-flowFISH analysis 

was performed on 10,000 cells from a post-treatment sample with CD3, CD5, CD19 

antibodies and CEP17 and locus 17p12 probes (Figure 26). The analysis identified a 

CD5-negative B-cell population (28.8%), normal CD3+ CD5+ CD19- T-cells (10.5%) 

and other CD19- CD5- CD3- cells. Spot count analysis (dual probes) showed: 

 CEP17: 15.4% B-cells with 4 spots for CEP17 probe and B-cell / T-cell spot 

count ratio of 1.059. Figure 27 shows four spots in B-cells confirming 

tetrasomy 17 CD19+ CD5-CLL events.  

 17p12: B-cell and T-cell populations showed similar spot count profiles for 1-

spot (18%), 2-spot (37.1 - 40.5%) and 3+ (13.7 – 19.1%) spot events in 

keeping with 2 copies of 17p12. Mean spot counts confirm that both 

subpopulations of cells had almost identical number of 17p12 probe (diploid) 

bound per cell (1.94 – 1.96) and with a spot count ratio of almost 1 (0.99).  
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Figure 26. Immuno-flowFISH analysis of a CLL case with tetrasomy, 17p deletion (including 

doubling of remaining 17p locus) and aberrant loss of CD5 expression utilising dual CEP17 

and 17p12 probes and immunophenotypic markers. Patient PBMC stained with CD3-V500c 

(Ch08, 505-570nm) clone SK7, CD5-AF647 clone UCHTC2 (Ch11, 642-745nm) and CD19-

BV480 clone HIB19 (Ch07, 430-505nm) were assessed by immuno-flowFISH and hybridised 

with Vysis CEP17-SpectrumGreen and SureFISH 17p12-OrangeRed probes for analysis on a 

AMNIS ISX MKII. All spot counts were on single and in-focus cells, and were performed 

using an IDEAS automated software spot-counting feature which used “peak masks” on 

Vysis CEP12 probe (Ch02, 480-560nm) and SureFISH 17p12 probe (Ch03, 560-595nm) with 

an algorithm that takes into account the signal to background ratio, diameter of the spots and 

co-localisation with nuclear mask (Sytox AADvanced) to enumerate specific hybridisation 

spots. This determined the number of cells with specific 1-spot, 2-spot, 3-spot and 3+spot 

signals for chromosome 17 and locus 17p. Quantitative fluorescence intensity analysis was 

performed to correct for true 1-spots, 2-spot and 3-spots for CEP17 FISH analysis. (A) Data 

from a representative experiment demonstrated that cell subpopulations were specifically 

identified by characteristic expression of surface immunophenotype bi-colour dot-plots. T-

cells (10.5%) were CD3/CD5 positive and CD19 negative. Defined neoplastic CLL cells and 

other B-cells, which may also be neoplastic (28.8%) were CD19 positive and CD5/CD3 

negative (aberrant loss of CD5 expression in the CLL subpopulation). Software derived “spot 

counting” was performed on the T-cell (CD3+ CD5+ CD19-) population for (B) 17p12 

and(C) CEP17 probes, and also on the CLL cell (CD19+ CD5- CD3-) population for (D) 

17p12 and (E) CEP17 probes. (F) After quantitative correction by fluorescence intensity and 

manual gallery image analysis of spot count populations the CLL cell (CD19+ CD5- CD3-) 

population was demonstrated to have a higher proportion of 3+spot count cells for CEP17 

(15.4%) and mean spot count (2.14) compared to the T-cell (CD3+ CD5+ CD19-) population. 

For 17p12 FISH analysis, both CLL cell (CD19+ CD5- CD3-) and T-cell (CD3+ CD5+ 

CD19-) populations had almost similar spot counting profile (around 1-2 spots) and mean 

spot counts close to 2 (1.96/1.94). The spot count ratio between CLL cell (CD19+ CD5- CD3-

) and T-cell (CD3+ CD5+ CD19-) populations was 1.059 for CEP17 probe and 0.99 for 

17p12 probe. Data was based on 10,000 cells analysed. 

Abbreviations: AF – Alexa Fluor, BF – brightfield, BV – Brilliant Violet, CD – Cluster of 

differentiation, CEP - Chromosome enumeration probe, Ch – Channel, CLL – Chronic 

Lymphocytic Leukaemia, FISH – fluorescence in situ hybridisation, ISX MKII – 

ImageStreamX MarkII, OR – OrangeRed, SG – SpectrumGreen 

  



136 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



137 

 

Figure 27. Image galleries derived from immuno-flowFISH analysis of a CD5-negative CLL 

with tetrasomy and homozygous 17p deletion (including doubling of remaining 17p locus). 

Representative images confirm specific FISH analyses and cell immunophenotype. (A) 

Gallery shows examples of normal diploid cells identified in the sample. Object 46 shows a 

normal CD3-V500c (Ch08, 505-570nm) and CD5-AF670 (Ch11, 642-745nm) positive, 

CD19-BV480 (Ch07, 430-570nm) negative T-cell, object 4775 shows a normal CD19 

positive, CD5/CD3 negative B-cell and object 731 shows a CD19/CD5/CD3 negative cell. 

The cells in this gallery (T-cells, B-cells and other cells) have normal cytogenetics (diploid) 

with paired and nuclear co-localised 2-spot FISH signals for both Vysis CEP17-SG (Ch02, 

480-560nm) and SureFISH 17p12-OR (Ch03, 560-595nm) probes (2 green and 2 yellow 

FISH signals). (B) Gallery shows examples of CLL cells with tetrasomy, doubling of 

remaining 17p and loss of CD5 expression with CD19 positivity and CD5/CD3 negativity, 4 

nuclear co-localised CEP17 spots and 2 co-localised 17p12 spots (4 green and 2 yellow FISH 

signals). The morphological cell size of the CLL cell subpopulations were evidently larger 

(i.e. figure 26B) compared to diploid T-cells, B-cells and other cells. The overlay image is a 

merge of the immunophenotyping, Vysis CEP17-SG, SureFISH 17p12-OR probe and nuclear 

SYTOX AADvanced images. Data was based on 10,000 cells analysed. 

Abbreviations: AF – Alexa Fluor, BF – brightfield, BV – Brilliant Violet, CD – Cluster of 

differentiation, CEP - Chromosome enumeration probe, Ch – Channel, CLL – Chronic 

Lymphocytic Leukaemia, FISH – fluorescence in situ hybridisation, ISX MKII – 

ImageStreamX MarkII, OR – OrangeRed, SG – SpectrumGreen 

 

These results show there to be a subset of B-cells with +17 +17 (tetrasomy 17) 

as demonstrated by 4 signals for the centromeric region of the chromosome. 

However, two of these chromosomes have loss of 17p. Hence, the seemingly normal 

2 spot pattern for 17p12 is in fact showing del(17p) from 2 of the 4 chromosomes. 

The data presents normal 17p diploidy (otherwise 4 spots instead of 2 spots would be 

seen with chromosomal doubling) observed in normal T-cells, B-cells and neoplastic 

CLL cells without del(17p). Representative gallery images are shown in figure 27. 

The gallery shows normal subpopulations of T-cells (object 46) that were CD3/CD5 

positive and CD19 negative, and were diploid for Vysis CEP17-SG and SureFISH 

17p12 probes (2 green and 2 yellow nuclear co-localised FISH spots). Normal B-

cells/ other clonal neoplastic CLL cells (object 4775) were shown to be CD19 positive 

and CD3/CD5 negative, and were diploid for Vysis CEP17-SG and SureFISH 17p12 

probes (2 green and 2 yellow nuclear co-localised FISH spots). Other cells (object 
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731) that were CD3/CD5/CD19 negative were also shown to be diploid for Vysis 

CEP17-SG and SureFISH 17p12 probes (2 green and 2 yellow nuclear co-localised 

FISH spots). Atypical tetrasomy with del(17p) neoplastic CLL cells (Fig. 26B) were 

identified as CD19 positive and CD5/CD3 negative, and by evidently larger 

morphological cell size compared to diploid T-cells, B-cells and other cells (i.e. 

Figure 27A). These events had 4 nuclear co-localised Vysis-CEP17-SG spots and 2 

co-localised 17p12 spots (4 green and 2 yellow FISH signals). 

 

3.6 Summary 

 

In summary, in this Chapter I have demonstrated: 

1. That the immuno-flowFISH method developed for normal blood is 

applicable to CLL and permits rapid study of several thousand more cells 

than standard FISH; 

2. That quantitative spot counts, spot count ratios (neoplasm / control counts) 

and visual imagery are all important in data analysis; 

3. That numerical chromosomal abnormalities can be detected in phenotyped 

CLL cells, as evidenced by trisomy 12 using a centromeric probe 

(CEP12); 

4. That chromosomal deletions can be detected in phenotyped CLL cells, as 

shown with deletions of 17p12 with a locus specific probe; 

5. That the limit of detection can be as low as 0.13% of cells suggesting 

applicability to disease monitoring and rare event analysis; 

6. That atypical chromosomal changes can be detected as shown with 

combined tetrasomy 12 and deletion 17p in a CD5-negative CLL; and 

7. Current panel of 3 antibodies and 1-2 DNA probes provides accurate FISH 

analysis and potential for study of sub-clonal heterogeneity and atypical 

cases. 

The significance of this data will be further discussed in Chapters 4 and 5. 
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Chapter 4: Discussion 1. 

Development and Optimisation 

of Immuno-flowFISH 
 

In Chapter 2 I described the development of a method to perform FISH 

analysis of specific cell populations in blood that have been identified by antigen 

expression, and analysed on an imaging flow cytometer. This immuno-flowFISH 

method is a world first automated technique that enables quantitative chromosomal 

analysis on thousands of cells identified by immunophenotype. The detection of 

morphology (based on brightfield), immunophenotype and specific chromosomal 

alterations in whole cells in suspension in a single test is a novel and major technical 

advance in cellular analysis. Although the theoretical basis of immuno-flowFISH is 

exciting and simple, in practice this required significant technical evaluation and 

development. The integration of flow cytometry and FISH-IS principles were 

complex and challenging given the contrasting technical requirements for individual 

test principles. A diverse catalogue of method variations related to cellular 

preservation, immunophenotyping and FISH protocols were carefully considered, 

rigorously validated and calibrated as outlined in the method development on healthy 

blood. In this Chapter, I will discuss some of the key technical aspects that were 

critical to establish the immuno-flowFISH method. This will be in two parts: 

1. Establishing immuno-flowFISH methodology (Section 4.1) 

2. Optimising the method suitable for clinical application (Section 4.2 – 4.6) 

These important technical aspects were critical to establish a standardised and 

optimised method, which could then be evaluated on HM. As described earlier, I then 

went on to assess CLL as the “test” disease to validate the method and demonstrate 

utility for clinical application; this will be discussed in Chapter 5. 
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4.1 Establishing the Immuno-flowFISH Methodology 

The first stage required determining the order of test components. In other 

words, whether immunophenotyping was performed prior to FISH or vice versa. As 

this was a sophisticated unification of two vastly different protocols, previous 

literature and internal findings from protocol optimisation of each test component was 

used to derive the final protocol sequence. The permutation in the order of testing 

alone determined the integrity of the interrogation of parameters (i.e. morphology, 

immunophenotype and genotype). As shown, in Figure 28, all technical aspects of 

immunophenotyping as well as cellular preservation (i.e. fixation and preservation) 

precede all FISH related processing (i.e. DNA denaturation and probe hybridisation). 

This was established by the preliminary work performed by Fuller et al. (2016) which 

showed that while DNA denaturation damaged cell immunophenotype (i.e. antibodies 

and fluorescent conjugates), cell surface staining must still be performed prior to 

FISH [32].  

 

 

 

 

 

 

Figure 28. Optimised immuno-flowFISH methodology for clinical application. 

 

As also discussed by various publications, the most reliable cell surface 

staining with fluorescently labelled monoclonal antibodies can only be achieved on 

fresh intact unaltered cells. Protocol related fixation and DNA denaturation (i.e. acid 

and heat treatments) irreversibly alter extracellular antigens, thereby rendering cell 

surface staining unreliable. Therefore, cells were first immunophenotyped (Section 

4.2) and then preserved with fixation and permeabilisation (Section 4.3) as per 

standard flow cytometry practice (diagnostic). As per standard FISH applications, 

fixation and permeabilisation was performed prior to FISH processing (Section 4.4) 

so that cells are adequately preserved and prepared for probe hybridisation. This order 

establishes the benchmark and precedence for standardised protocol optimisation of 

each test component as verified by the quality of sample acquisition (Section 4.5) and 
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data analysis (Section 4.6). This greatly contributed to the optimisation of each test 

component that will be discussed in more detail in this Chapter (Section 4.2 – 4.6), 

thereby overall validating this immuno-flowFISH methodology for clinical 

application (Chapter 5).  

 

4.2 Immunophenotyping 

 

The first component of immuno-flowFISH analysis was antibody-antigen 

binding using fluorescently conjugated monoclonal antibodies. The optimisation of 

this component was achieved by tailoring key technical and analytical flow cytometry 

principles with broader experimental conditions related to other test components (i.e. 

FISH) [15]. Based on the order of test components outlined in Figure 28, antibody-

epitope binding complexes established at the start of the protocol were exposed to all 

subsequent processing stage. There were four major conditions by which 

immunophenotyping integrity was lost following cell surface staining:  

 Cleaving/dissociation of antibody-epitope binding complex;  

 Damage or loss of fluorescent tag/fluorophore;  

 Extraction of antibody-epitope binding complex;  

 Loss of whole cells. 

Therefore, the fluorescence intensity or resolution of positively stained cell 

populations were assessed at each of the following stages of the protocol to detect any 

variations or loss of intensity and overall immunophenotyping performance:  

 Post-stain 

 Post-fixation and permeabilisation (Section 4.3) 

 Post-acid denaturation (Section 4.4) 

 Post-hybridisation (Section 4.4) 

This determined at which stage positively stained cells and/or fluorescence 

intensity resolution was lost for each of the CD3, CD5 and CD19 positive subsets. 

Data is presented in Tables 7-9 and Figures 11-15 showing the difference between 
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cell preservation and fluorescence intensity at each stage. This also facilitated the 

careful design of antibody panels and compatible fluorescent conjugate combinations 

adapted to the experimental conditions validated.  

 

4.2.1 Immunophenotyping: Isolation of Cells for Analysis 

The first stage requires reliable preparation or isolation of whole intact cells in 

suspension from peripheral blood. It is vitally important for robust analysis and 

stratification of purified PBMC subpopulations [31, 86]. This ensures cell 

subpopulations are accurately represented in the sample and are of sufficient physical 

quality for downstream processing. Increases in dead or severely compromised cells 

from sub-optimal cell isolation and preparation techniques produce confounding 

interpretation for both MFC and FISH analyses. Two cell preparation/isolation 

methods were validated in the development of the immuno-flowFISH protocol. These 

are the main cell isolation methods for research and diagnostic applications: 

 Gradient density centrifugation  

 Red blood cell lysis (i.e. ammonium chloride) 

The validation results for both leucocyte isolation methods were in keeping 

with the literature. The proportion of T and B-cells and differential immunophenotype 

determined for each method were comparable and consistent with the expected ranges 

established for healthy human blood. Specifically, Ficoll separation provides a more 

‘enriched’ population of lymphocytes, as only PBMCs are isolated from differential 

density separation. BD PharmLyse based red cell lysis of whole blood isolated all 

leucocytes for analysis i.e. PBMCs and granulocytes (e.g. neutrophils). Ficoll Paque 

Plus density gradient separation was preferred for protocol development as it was 

more economical and isolated a purer/larger population of lymphocytes for method 

validation (i.e. immunophenotype and FISH) on healthy donor blood. For 

translational validation of immuno-flowFISH on clinical samples, BD PharmLyse 

was selected for the final version of the protocol, as it remains the cell isolation 

technique of choice in diagnostic laboratories for leukaemia detection (i.e. MRD 

analysis). This also enabled direct and more standardised comparison of data related 

to cell subpopulation numbers and evaluation of clinical utility. 
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4.2.2 Antibody and Fluorophore Selection  

The choice of fluorescently conjugated antibody combination and specifically 

the fluorophore chemistry were critical for accurate identification of lymphocyte 

subsets in immuno-flowFISH. Not all antibody clones and fluorophores were suitable 

for the entire immuno-flowFISH procedure. The conditions for each stage of the 

procedure was optimised and validated to the most compatible antibodies to establish 

the final protocol. The performance of many antibodies (i.e. CD3, CD5 and CD19) 

were assessed and summarised in Table 8. Important immunophenotyping parameters 

identified for immuno-flowFISH were: 

 Cell preservation: optimisation of fixation, permeabilisation and FISH stages 

(Sections 4.3 – 4.4) 

 Cell type 

 Cross-linking of cell surface proteins 

 Fluorophore chemistry (brightness and stability) 

 Compensation of spectral overlap and autofluorescence: acquisition settings 

and data analysis (Section 4.5 - 4.6) 

To ensure that the loss of fluorescence intensity due to cleaving/dissociation of 

antibody-epitope binding complex was minimised, the principle of cross-linking cell 

surface proteins was incorporated. This involved the treatment of cells immediately 

after cell surface staining with BS3, a membrane-impermeable, non-denaturing N-

hydroxysuccinimide (NHS) ester that cross-links the primary amines occupying the 

external surface of proteins. Protein to protein cross-linking thereby irreversibly 

reinforces the association of epitopes to its specific bound monoclonal antibody 

rendering interaction or conjugation more robust. This provides stabilisation of cell 

surface staining during prolonged handling and FISH DNA denaturation stages (i.e. 

acid and heat treatment) prior to analysis. Previous published data and current 

optimisation results have shown significant loss of fluorescence intensity and 

resolution of positively stained populations without BS3 cross-linking[32, 103, 104, 

109].  

The resolution of phenotypically identified subpopulations is directly affected 

by the choice of antibody-fluorophore combinations. This also correlates with the 
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type of epitope or cell to be identified. A prime example of this was the low or 

heterogeneously expressed epitopes such as CD5 expression on CLL cells. 

Consideration was also given on antibody choice based on the likelihood of increased 

autofluorescence as a result of the procedure. Variances in the composition of 

endogenous fluorophores between different cells types (i.e. lymphocytes versus more 

granular cells such as granulocytes) contribute to differential autofluorescent 

signatures or spectral characteristics detectable by flow cytometry. Furthermore, 

physical and chemical alterations to these organic molecular chemistries due to 

fixation, permeabilisation, acid and heat treatments may contribute to changes in the 

spectral/autofluorescent characteristics detectable by flow cytometry and fluorescence 

imaging. This is evidenced in the optimisation data by inherent increases in 

autofluorescence of cells after different fixation and denaturation conditions, and in 

particular after heat denaturation of DNA and probe hybridisation, which affected the 

overall resolution of specific immunophenotypic and FISH signals. Therefore, 

mitigation of autofluorescence artefact from processing was also carefully considered, 

such as the choice of excitation and emission of specific antibody/probe combinations 

and incorporation of quenching treatments such as wash buffer containing 

serum/protein to “patch” exposed and altered fluorescent molecules (e.g. aromatic 

amino acids and cell derived DNA fragments) from disrupted lipid membrane bilayer 

due to processing (i.e. acid and heat denaturation).  

Conventional fluorophores composed of largely organic or protein based 

fluorescent molecules used routinely in MFC include fluorescein (FITC) (low 

molecular weight fluorophore), phycoerythrin (PE) and allophycocyanin (APC) (large 

fluorescent proteins) as well as tandem combinations of these fluorescent molecules 

(e.g. PECy7 and APCH7). While these older organic compounds brightly and reliably 

resolve CD3, CD5 and CD19 lymphocyte subsets through standard flow cytometry 

processing, significant loss of immunofluorescence after DNA denaturation 

processing stages rendered them incompatible with immuno-flowFISH (Figure 28). 

All FITC, PE and APC conjugates, irrespective of the cell surface marker, showed 

significant loss in fluorescence intensity of positive populations after the 0.5M acid 

denaturation stage and complete loss in the resolution of positive populations after the 

73oC heat denaturation and hybridisation stage. These results were not surprising as 

these fluorophores are naturally occurring organic compounds and hence are 
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susceptible to denaturation or damage due to extreme pH and heat. They lose their 

molecular and structural integrity and therefore spectral characteristics. Excessive 

protonation from acid treatment and standard FISH temperatures (i.e. >80oC) disrupt 

the native conformation of organic molecules (e.g. hydrogen bonding and folding) 

rendering simultaneous immunophenotyping and FISH incompatible, even with BS3 

covalent cross-linking of antibody-fluorophore to the cell surface. Tandem 

fluorophores are also compromised due to cleaving of covalent bonds between donor 

and receiver fluorescent molecules (i.e. from fixation alone). Therefore, these 

traditional fluorophores were demonstrated to not be suitable for immuno-flowFISH.  

A number of commercially available synthetic fluorophores were validated in 

the immuno-flowFISH protocol. These proprietary synthetic polymers or chemically 

modified fluorophores were developed based on distinct molecular templates/designs, 

which yield their unique structural and spectral characteristics (e.g. Brilliant and 

Alexa Fluor fluorophores). Due to enhanced synthetic chemistry, these fluorophores 

have greater brightness, photo-stability, resistance to extreme pH and temperature 

changes as well a more specific or discreet emission spectra [26, 74]. The immuno-

flowFISH validation results show that overall, the Brilliant fluorophores and some 

Alexa Fluors have a superior immunophenotyping performance compared to all other 

standard fluorophores tested. Despite decreases in fluorescence intensity, some Alexa 

Fluor conjugates enabled good resolution of specific lymphocyte subsets through the 

immuno-flowFISH protocol and more importantly after hybridisation. Therefore, 

immunophenotyping performance of Alexa Fluors were superior to that of standard 

organic dyes. Specifically, AF647 significantly outperformed its chemical analogue 

APC in all stages of immuno-flowFISH testing. Due to chemical modifications of 

well-known dye families (i.e. sulfonation to increase negative charge and hydrophilic 

nature), Alexa Fluors by design have significantly greater photo-stability and less 

sensitivity to pH changes [110]. Despite enhanced molecular and spectral chemistry, 

not all Alexa Fluor conjugates were compatible with immuno-flowFISH processing, 

while all combinations remained stable after acid treatment, most critically lost 

fluorescence intensity to reliably resolve positive cells from unstained populations. 

These results demonstrate that the AF700 conjugates was not compatible due to its 

lack of brightness and specific stability during immuno-flowFISH compared to 
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AF647, however AF647 conjugates were only compatible when used on higher 

expressing cell surface markers such as CD3 or CD5 positive T-cells. 

The Brilliant dyes represent a new generation of fluorescent reporter polymers 

developed with novel chemistry for enhanced brightness and dynamic multiparameter 

analysis. They are a unique class of fluorophores known as π-conjugated polymers 

(found in OLEDs, photovoltaics and printable circuitry). Both Brilliant Violet (BV) 

and Brilliant Blue (BB) polymer dyes have a synthetically tunable network of π-

orbitals that allows for electron delocalisation, a large absorption wavelength range, 

and efficient fluorescence [26, 111, 112]. The backbone structure of conjugated 

polymers allows for delocalisation to occur over many repeat units in the polymer 

chain, acting as large extended collections of optical subunits that respond 

cooperatively to propagate and amplify various energy transfer and/or quenching 

processes. Due to this unique molecular behaviour and optical properties (unlike 

organic dye molecules such as PE), BV and BB polymer dyes have high molecular 

extinction coefficients and quantum efficiency, and are able to be further tuned 

synthetically to alter emission spectra. Furthermore, a base tunable polymer chain 

(e.g. BV421) can further be conjugated to another acceptor dye molecule to extend 

and propagate diverse combinations of emission spectra and spectral ranges 

synonymous to tandem dyes (e.g. FRET to produce BV711). The fluorescence 

characteristics of BV and BB polymer dyes also compare well to bright and photo-

stable nanocrystal Quantum dots (i.e. artificial atoms derived from semi-conducting 

material) but without the significant multi-laser excitation spectral spill over and 

limited catalogue of available conjugates. While published data have shown the high 

brightness and thermal stability of Quantum dots under stringent flow-FISH 

conditions, preliminary immuno-flowFISH data (not shown) have demonstrated very 

poor resistance to pH changes (i.e. complete loss of fluorescence due to acid treatment 

stage) [74, 113].  

All BV480 and BB515 conjugated antibodies (i.e. CD3, CD5 and CD19) 

tested were stable throughout immuno-flowFISH fixation, permeabilisation, acid 

treatment, heat denaturation and hybridisation protocols compared to freshly stained 

unprocessed samples. Positive populations of normal T-cells (CD3+ CD5+) and B-

cells (CD19+ CD5-) were reliably resolved (including subpopulation sizes) with 

BV480 and BB515 despite decreases in fluorescence intensity after acid treatment and 
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hybridisation. The performance was consistent with published findings related to the 

ability of Brilliant dyes to maintain fluorescence intensity under stringent conditions 

such as resistance to high temperatures observed in telomere flow-FISH analysis. 

Despite these results, some BV dyes, specifically the tandem based chemistries of 

BV650 and BV711, while stable after acid treatment did not perform sufficiently after 

hybridisation. This demonstrates that while the molecular templates of Brilliant dyes 

have greater resilience to stringent processing, the specific chemistry of tandem 

conjugation even in BV polymer dye combinations currently remains unstable and 

unsuitable to rigorous FISH based protocols. 

V500c, a proprietary synthetically enhanced version of the coumarin dye 

V500, also retained resolvable fluorescence intensity throughout immuno-flowFISH 

processing. Despite a much lower quantum efficiency compared to PE or the Brilliant 

polymer dyes, it has an additional advantage to offset fluorescence loss during 

processing due to its small size which results in 50 times more molecules conjugating 

to antibodies compared to PE, along with greater chemical stability [35]. This was 

consistent with both immuno-flowFISH data and previously published studies 

showing the relatively dim (104) starting fluorescence intensity of V500c (conjugated 

to CD3 antibody for T-cell immunophenotyping in immuno-flowFISH) but 

maintained enough fluorescence after acid treatment and hybridisation to enable 

resolution of positive populations [35] 

As indicated previously, synthetically stable dyes were critical to the immuno-

flowFISH protocol. These were essential to be able to satisfactorily resolve specific 

cell populations based on immunophenotype. However, choice of fluorophore is also 

dependent on the cell type and antigen expression density. The data showed that B-

cell phenotyping with CD19 antibodies was more difficult than T-cells. This was 

interpreted as being due to less antigen expression and therefore choice of fluorophore 

that gave the strongest signal possible was critical. CD5 staining also gave weaker 

signals than CD3 thereby necessitating BV480, BB515 and AF647 (strong signal) 

conjugation for reliable cell identification. In contrast the dimmer fluorophore V500c 

was adequate for CD3 given its density and uniformity of expression on T-cells. This 

also highlights the need to differentially tag cell surface markers with the brightest 

fluorophores (i.e. BV480, BB515 and AF647) based on biological antigen abundance 

and expression. 
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4.3 Fixation and Permeabilisation  

 

Cellular fixation and permeabilisation was applied after antibody labelling. 

This was to stabilise the cells and mobilise the cell and nuclear membranes to enable 

intracellular access of the FISH probe. Comprehensive assessment was required to 

determine whether these processes had any effect on cell number, cellular integrity, 

antigen-antibody binding or fluorophore signal intensity. As reported in both research 

and diagnostic flow cytometry protocols, sufficient fixation is critical for the 

analytical consistency of samples by preserving specific cell subsets, and 

permeabilisation for the detection of intracellular biomarkers. These need to yield the 

desired effect without compromising the cellular and analytical characteristics of 

samples. Specific to immuno-flowFISH development, it was essential to adequately 

preserve intact cells during the harsh compromising effects of DNA denaturation and 

hybridisation (Section 4.4), in addition to the effects of other handling stages for 

extended analytical duration [31, 34, 53, 104, 114-117].  

Cell permeabilisation usually follows or is combined with fixation at this stage 

of the protocol. Sufficient permeabilisation of the phospholipid bilayer of the cell and 

nuclear membranes (more porous) is essential for providing access to intracellular 

antigens and target DNA (enabling antibody or probe binding) and its detection. This 

is achieved by a variety of plasma membrane solubilising methods that generate 

sufficiently large holes to allow antibody/probe to pass through. Each method requires 

optimisation for specific cellular applications (i.e. type of cell) to minimise 

morphological disruption and cell degradation (i.e. cell lysis). Almost all standard cell 

permeabilising protocols reported in the literature and in commercially available kits 

(e.g. intracellular staining of cytokines or nuclear membrane proteins) involve 

detergent or solvent-based cell permeabilisation[114, 116, 118-120]. These protocols 

also typically accompany or follow cell fixation which is additive to plasma 

membrane permeabilisation and stabilisation in the processing of whole intact cells. A 

number of common detergents and solvents utilised in standard flow cytometry and 

FISH tailored appropriate fixation methods described above to elucidate cell 

permeabilisation, preservation and disruption, which were key aspects of analysis of 

whole intact cells by IFC. All fixation and permeabilisation protocols tested enabled 
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sufficient cellular permeabilisation as shown by assessment with cell viability or 

DNA dyes and DNA probes. 

Traditional flow cytometry-based fixation and permeabilisation protocols 

(cells in suspension), FISH based protocols (cells on slide) and in-house modified 

fixation protocols were all evaluated. After testing multiple protocols, the 4% 

formaldehyde and 0.1% Tween20 in PBS protocol provided the best results. This 

produced minimal changes to immunofluorescence profiles and good preservation of 

cellular integrity during FISH processing and enabled robust FISH probe signals for 

analysis after hybridisation. This protocol was superior to other applications that were 

tested: 

 Methanol: The fluorescence intensity profiles of phenotypically identified 

lymphocytes were well preserved however there was significant cell lysis 

during immuno-flowFISH processing.  

 Carnoy’s based fixation (methanol plus acetic acid): The addition of acetic 

acid to methanol to stabilise cell preservation during DNA denaturation and 

FISH) enabled robust FISH analysis however was incompatible with 

immunophenotyping. There was loss of cell surface membrane, labelled 

epitopes and bound fluorescently conjugated antibody (fluorophore damage). 

Acetic acid was found to significantly distort the immunofluorescence profiles 

with minimal resolution of positive populations (i.e. T-cells and B-cells) 

irrespective of the antibody-fluorophore combination tested.  

 In-house Carnoy’s (methanol plus acetic acid and formaldehyde): Adequately 

preserved cells during immuno-flowFISH processing however the addition of 

acetic, even at lower concentrations (i.e. 5%) was again incompatible with 

immunophenotyping. 

The performance of all protocols was evaluated with reference to cell 

morphology, immunophenotyping (Section 4.2) and FISH (Section 4.4) results. 
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4.3.1 Formaldehyde and Tween 20  

The optimal fixation and permeabilisation protocol contains formaldehyde, a 

common fixative used in flow cytometry which cross-links cellular proteins (as well 

as nucleic acids) and anchors soluble proteins to the cytoskeleton to preserve cell 

structure [53, 115, 116, 121]. Aldehyde based fixation has been shown to produce low 

levels of shrinkage and good preservation of cellular structure with minimal structural 

changes to proteins for a wide range of cells and tissues. However due to cross-

linking of major structural protein components, cells become structurally or 

physically more rigid or have less elasticity that may render greater susceptibility to 

mechanical or physical stress due to handling [117, 122]. The optimisation data shows 

that formaldehyde fixation at 1-4% concentration with incubation of 5 - 10minutes 

sufficiently preserves whole intact cells in suspension throughout various immuno-

flowFISH method variations tested as evidenced by microscopy and IFC data. This 

was in keeping with established protocols and commercial references with 

formaldehyde fixation following immunophenotyping, compatible with almost all 

antibody-fluorophore combinations (irrespective of antibody clones) tested. The 

exceptions were traditional tandem dyes such as PECy7 and APCH7 due to cleaving 

of covalent binds between donor and receptor fluorescent molecule (i.e. FRET 

structures) produced by aldehyde cross-linking. Aldehyde-based fixation can cause 

damage or loss of surface epitopes even when bound to antibody (thereby loss of 

fluorescence intensity) and also increase the inherent autofluorescence of cells due to 

changes to the molecular configuration of cellular components and therefore spectral 

characteristics as a result of cross-linking [115, 117, 122-124]. The immuno-

flowFISH data comparing the fluorescence intensity profiles of tested antibodies 

before and after formaldehyde fixation found minimal reduction in the resolution of 

positive versus negative populations (i.e. stain index) due an increase in 

autofluorescence of negative populations or loss of florescence intensity of positive 

populations (mitigated by BS3 cross-linking).  

Non-ionic detergents such as Tween20 were used to permeabilise cells in 

preparation for probe hybridisation stage in tandem with formaldehyde-based 

fixation. None of the detergent based protocols tested (i.e. Tween20, Igepal CA-630) 

affected the immunofluorescence profiles of epitope-antibody complex or the cell 

yield, integrity or scatter properties following permeabilisation. An optimal treatment 
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range of 0.05-0.3% Tween20 and Igepal CA-630 was shown to not significantly 

disrupt cells and surface proteins or immunophenotype due to membrane 

solubilisation observed in traditional applications of non-ionic detergents [114, 116, 

119, 120, 125, 126]. This was in keeping with the literature describing the detection 

of intracellular components by flow cytometry [114, 116, 118, 119]. This can be 

achieved by a variety of general laboratory formulations and commercially available 

kits that incorporate aldehyde base fixation and plasma membrane permeabilisation 

by non-denaturing detergent or surfactants.  

A variety of different detergents can be used for cell permeabilisation and 

differ based on specificity and “strength”. Milder reagents such as saponin are used to 

reversibly permeabilise and produce holes in the lipid bilayers of cells by selectively 

removing membrane cholesterol [114, 126]. The most utilised reagents in cell 

permeabilisation protocols are non-ionic detergents such as TritonX-100 and 

Tween20. These surfactants non-selectively remove membrane lipids and cholesterol 

to generate sizable pores and permanent permeabilisation across many different cell 

types[114, 119, 120, 125]. They are also used at higher concentrations to completely 

solubilise plasma membranes to purify and isolate membrane protein complexes in 

proteomic studies as well as cytoplasmic and nuclear material for downstream 

analysis. TritonX-100 is fast acting and produces strong dissociation of cell 

membrane components. Due to the permeabilisation “strength” of TritonX-100 it can 

cause rapid cellular disruption with reports of a reduction of detected nucleic acid 

fluorescence intensity after incubations as short as 10minutes at sufficient 

concentrations[114, 119, 120]. Igepal CA-630 is an alternative non-ionic non-

denaturing detergent that is very similar in structure and action compared to TritonX-

100 but slightly less hydrophilic. Tween-20 is a weaker detergent which 

permeabilises cells more slowly, gently and is less likely to cause major cellular 

disruptions compared to TritonX-100 due to greater hydrophilic nature. Due to this, 

Tween-20 can be utilised at a wider range of concentrations and incubation times, and 

flexibly optimised for permeabilisation across a range of cell types to reduce the 

incidence of reagent induced cellular changes, artefacts or analytical variable[114, 

116, 119, 120, 125].  

Tween20 has been observed to produce similar cell membrane alterations 

across a range of cell types (e.g. PBMC; splenic cells; a number of tissue culture cell 
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lines) [114, 119, 125]. Furthermore, smaller variations in chemical purity are also less 

likely to affect its action resulting in more reproducible results with different batches 

of detergents used between testing/experiments and diagnostic laboratories. As 

demonstrated in immuno-flowFISH optimisation data, surfactant concentrations of 

0.05-0.3% incubated for 10minutes for Tween20, Igepal CA-630 and TritonX-100, 

provided adequate permeabilisation for probe access without major cellular disruption 

or distortion (i.e. cell lysis or removal of surface proteins). Permeabilisation with one 

of these detergents combined with fixation with 1-4% formaldehyde (i.e. 4% 

formaldehyde and 0.1% Tween20 treatment separately or as a one combined buffer) 

provided best results. This produced excellent preservation of single cells in 

suspension and general cellular integrity with many downstream (denaturation) 

variations of the immuno-flowFISH protocol as well as enabled robust FISH analysis. 

 

4.3.2 Organic Solvents and Carnoy’s Fixation  

Suboptimal fixation and permeabilisation protocols tested for immuno-

flowFISH contain organic solvents, which are another common class of fixatives 

utilised to better preserve nucleic acid content compared to aldehyde-based fixatives. 

Unlike aldehyde base fixatives, organic solvents are less effective and have been 

shown to compromise cell membrane structure and general morphology (including 

cytoplasmic elements and nuclear content). Methanol as described in the literature has 

been shown to be one of the most useful all-round solvents to preserve cells (e.g. 

blood films and cytology smears) or tissue for immuno-staining assays. As such, 

methanol is a key component of routine cellular fixative formulations such as 

Carnoy’s (3 parts methanol and 1 part acetic acid), which is commonly used to 

preserve cells for FISH applications [105, 115, 122]. Methanol and organic solvents 

provide fixation by protein precipitation, coagulation and dehydration to preserve 

cellular proteins and structure [114-116, 119].  

Acetic acid is often incorporated in protocols involving fixative compounds 

(i.e. methanol), to precipitate proteins and facilitate coagulation action on nucleic 

acids (to further preserve DNA), prevent cell shrinkage due to alcohol fixation and 

also to a lesser extent precipitate cellular proteins [122]. The immuno-flowFISH 

optimisation data shows that while methanol (i.e. 50-100%) provides excellent 
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preservation of morphological features in cells in suspension after fixation, the 

physical preservation from this alcohol treatment alone is not suitable for further 

cellular processing (i.e. FISH). Protocols such as acid denaturation was shown to 

rapidly lyse methanol fixed cells as they remain relatively less stable in suspension. In 

keeping with the literature, the addition of acetic acid (5-25%) with methanol fixation 

(e.g. Carnoy’s) was shown to significantly improve cellular preservation for 

downstream FISH protocols. Therefore, cell stabilising effects (i.e. protein 

precipitation and DNA coagulation) of acetic acid remained a mandatory component 

in all alcohol based fixative formulations tested to ensure that cells were adequately 

preserved and remained intact in suspension upon further immuno-flowFISH 

processing.  

Organic solvents such as methanol and acetone, not only provide fixation but 

also permeabilisation by removing lipids from the plasma membrane [115, 119, 122]. 

However morphological distortions in cells in suspension produced by methanol-

based permeabilisation were also evidenced by IFC and microscopy optimisation 

data. Method variations that incorporated methanol (i.e. methanol 70-100%) and in 

particular acetone compromised the structural integrity of cells leading to general 

morphological distortions, intracellular content loss and cell lysis. From the 

optimisation data, methanol fixation and permeabilisation was best implemented with 

acetic acid (i.e. Carnoy’s based formulations) to better preserve and stabilise intact 

cells for further processing. Furthermore, acetic acid also provides a secondary degree 

of cell permeabilisation as it rapidly permeates cell membranes incorporated with 

fixative. However, despite the better preservation of cells in suspensions by Carnoy’s 

based formulations (including formaldehyde fixation in one solution), it was evidently 

suboptimal for immuno-flowFISH as concluded by lower cells yields, higher levels of 

cell clumping and general morphological distortions as shown by microscopy and IFC 

data.  

 

4.4 Fluorescence in situ hybridisation 

 

Given the traditionally contrasting technical requirements of flow cytometry 

and robust slide-FISH analysis, all conditions and protocol variations related to FISH 
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were optimised on the principle of integrated modality testing. This was specifically 

done to ensure: 

 Preservation of intact cells and immunophenotype  

 Accurate quantitative FISH analysis for chromosome and locus specific 

enumeration  

 Single test platform that enables rapid multi-parametric assessment of 

morphology, immunophenotype and genotype cell-by-cell that is applicable to 

disease detection 

In order to achieve this required a technical departure from traditional slide-

based methods such as metaphase FISH, interphase FISH and FICTION. These 

conventional diagnostic FISH approaches have routinely utilised cells or tissue 

sections supported on glass slides with analysis by manual visual interpretation using 

fluorescence microscopy. For example, metaphase FISH requires spreading of cells 

(i.e. blood smears) on glass slides, which causes rupturing of cells and therefore loses 

specificity in interpretation. This platform or workflow does not permit quantitatively 

precise and sensitive multiparameter measurements on whole cells in suspension. To 

extend beyond these technical limitations, the following test features were specifically 

calibrated for immuno-flowFISH:  

 Immunophenotyping compatible with FISH conditions (Section 4.2) 

 Fixation and Permeabilisation protocol (Section 4.3) 

 Pre-hybridisation blocking stage 

 Pre-hybridisation DNA denaturation stage 

 DNA denaturation temperature 

 Hybridisation temperature and time 

 Pre and post hybridisation stringency washes 

 Selection of DNA probe and fluorophore chemistry  

 Hybridisation buffer composition 

 DNA counter stain to identify nucleus 
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 Instrument acquisition settings: i.e. excitation and emission (to enhance signal 

to noise ratio (Section 4.5) 

 Development of data analysis strategies for automated FISH signal detection 

(Section 4.6). 

 

4.4.1 The Effects of Fixation and Permeabilisation on FISH Analysis 

As discussed, fixation and permeabilisation enables probe movement into the 

nucleus for hybridisation as well as stabilising cells for FISH processing (i.e. DNA 

denaturation and probe-DNA hybridisation). This currently involves 

fixation/dehydration of cells on glass slides for traditional FISH by manual 

microscopy detection. This can be performed on routine fresh biopsies (blood, bone 

marrow and cell suspensions) or preserved tissue sections (i.e. formalin fixed paraffin 

embedded tissue). For routine fresh biopsies and diagnostic assessment, isolated cells 

are either initially fixed in suspension or after air drying/mounting on slides. In the 

optimisation of FISH analysis for immuno-flowFISH, I have validated three fixation 

and permeabilisation protocols: 

 Carnoy’s fixation (methanol plus acetic acid) 

 In-house Carnoy’s (methanol plus acetic acid and formaldehyde) 

 Formaldehyde and Tween20 

To date, the fixative of choice for the preparation of whole cells for 

conventional FISH is Carnoy’s fixative, which is applied to cells in suspension or 

cells mounted on slides. As outlined previously, Carnoy’s provides methanol fixation 

with plasma membrane permeabilisation, removal of impeding cytoplasmic material 

and coagulation/denaturation of protein and DNA. Carnoy’s fixation is utilised in 

almost all standard operating protocols for FISH (i.e. HM) by diagnostic laboratories 

and is also outlined in clinically relevant FISH probe kits. In these conventional 

protocols, Carnoy’s fixed samples are carefully “dropped” or centrifuged onto glass 

slides to disperse cells evenly, then air-dried. Additional pre-treatments such as 

ethanol washes are used to further support cells adhered on the slides to prime cellular 

components for slide-FISH processing (i.e. secondary fixation and dehydration 

techniques). While cells can readily be analysed on slides using microscopy, 
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interpretation of morphology and FISH may sometimes be difficult due to the 

distortive effects of fixative and cell-slide mounting process. Processing induced 

artefacts include cell damage/lysis during the spreading or flattening of whole cells 

onto slides, uneven distribution or overlapping of compacted cells/nuclei or nuclear 

truncation (particularly in tissue sections), and shrinkage due to dehydrating 

fixation/air-drying effect. Any of these artefacts may further confound analysis of 

FISH signals associated to individual or specific intact cells of interest. 

Developmental immuno-flowFISH results have shown Carnoy’s fixation and in-house 

modified formulations provide excellent FISH signals in cell suspensions consistent 

with the literature. While cells mounted on slides appear well preserved by 

microscopy in conventional FISH testing, it was found that Carnoy’s based fixation 

produced notable cell/morphology loss and more significantly complete loss of 

immunophenotype in cell suspensions.  

Formaldehyde fixation has been well described in the literature to maintain 

cell suspensions for flow cytometric analysis and has also been shown to have robust 

utility in specific FISH applications. These predominantly refer to traditional FISH 

protocols that utilise preserved/stored cell suspensions. It has been well described that 

the concentration and duration of formaldehyde fixation significantly determines the 

quality of FISH signals [53, 116, 117]. Under fixation produces suboptimal FISH 

signals through poor perfusion of probes through the cell and into the nucleus as well 

as inadequate preservation of cells; resulting in break up and loss of nuclear material 

for analysis upon further processing. Cases that are fixed at too high concentrations or 

stored in fixative solution for extended periods of time produce poor FISH signals due 

to over cross-linking/scaffolding of chromosomal proteins that resist removal (i.e. 

DNA denaturation treatments) thereby rendering probes impermeable to target single 

strand DNA (ssDNA). In immuno-flowFISH development, probe hybridisation was 

achieved utilising formaldehyde and Tween20 for cell suspensions. As discussed 

previously, this combination was determined to be a suitable replacement for 

Carnoy’s. The data shows that it can preserve cell suspensions (including 

immunophenotype) during immuno-flowFISH processing and also enable robust 

FISH analysis.  

Cell impermeable DNA markers revealed that all formaldehyde and Tween20 

formulations enabled sufficient permeabilisation of cell and nuclear membranes at all 
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concentrations tested providing probe access to nuclear DNA for hybridisation. The 

optimised immuno-flowFISH protocol utilised a 4% formaldehyde and 0.1% 

Tween20 incubation for 10minutes. Cell suspensions fixed and permeabilised with 

this treatment enabled accurate spot-counting FISH results when followed by 

validated DNA denaturation (i.e. 0.5M HCl) and probe hybridisation conditions 

(73°C heat denaturation and 37°C hybridisation for 16-24hrs in 50% formamide 

hybridisation buffers). Changes in formaldehyde concentration produced marked 

differences in FISH results with the data showing significant differences in FISH 

results between 1% versus 4% formaldehyde concentration in terms of probe signal 

resolution and spot counting. This indicates that low concentrations of formaldehyde 

(e.g. 0.5-1%) are insufficient for the fixative changes necessary to enable accurate 

FISH in whole cells and thus resulted in unhybridised cells or dim and sporadic 

signals in hybridised cells (i.e. chromosome enumeration of diploid 2-spot cells). 

Morphological validation data suggests the sub-optimal probe hybridisation seen in 

lower concentrations of formaldehyde fixative may be due to insufficient chemical 

modification of cells to allow probe perfusion and/or preservation of target 

chromosomal DNA throughout immuno-flowFISH processing. With 4% 

formaldehyde and 0.1% Tween20 treated cell suspensions, accurate spot counting 

comparable to Carnoy’s based treatments was produced as evidenced by the resolved 

and uniform 2-spot count hybridisation signals detected in most cells.  

 

4.4.2 DNA Denaturation Protocols for FISH  

DNA denaturation is the most centralising technical component for all FISH 

protocols ensuring that DNA probes are able to accurately and efficiently hybridise to 

target nucleic acids. DNA denaturation techniques can be organised into two main 

modes of processing, pre-hybridisation treatments and heat denaturation during probe 

hybridisation stages. Both techniques aim to produce specific ssDNA that is 

accessible to DNA probes or oligonucleotides by denaturing the chromatin-packaged 

double stranded DNA helix within the nucleus of each cell. While essential for FISH 

analysis, little was known about what affect this would have on the prior 

immunophenotyping component of the test at the commencement of this work. 

Therefore, this required extensive optimisation and analysis of many protocol 
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combinations, i.e. which treatment and what temperature for DNA denaturation. This 

enabled the interrogation of what conditions produced robust FISH analysis but also 

the full extent by which the main FISH protocol components also affects cellular 

preservation and immunophenotype. The specific protocols tested were:  

 Carnoy’s fixation (via acetic acid denaturation) 

 Hydrochloric acid 

 Proteinase K (enzymatic treatment) 

 High temperature and hybridisation buffer composition (i.e. solvents) 

 

4.4.2.1 How FISH DNA Denaturation Protocols Affect Cells 

The principle of DNA denaturation involves dissociating packaged double 

stranded DNA (dsDNA) to expose ssDNA following fixation and permeabilisation. 

This critically enables the DNA to be rendered more labile for complementary 

specific probe hybridisation. In its native confirmation, helical dsDNA is stabilised by 

a number of biochemical forces and molecular structures starting from internal 

hydrogen bonding between complementary nucleotide base pairing and external 

hydrogen bonds between base rings (polar groups) and surrounding water. The DNA 

double helix is also stabilised by negatively charged phosphate groups (composed of 

the DNA backbone) through interaction with positively charged atoms and 

hydrophobic forces [127, 128]. Histone proteins are critical in regulating the structural 

organisation of double stranded DNA in its native conformation in the nucleus and 

stability [129]. Histone proteins are highly alkaline proteins that enable the packaging 

and condensing of dsDNA into nucleosomes (i.e. DNA wrapping around histones) to 

form chromatin as the main composition of the cell nucleus [62, 127, 129].  

Therefore, both chemical treatment (i.e. acid or extreme pH) and physical (i.e. 

high temperature) protocols are required to denature chromatin-packaged dsDNA into 

stable ssDNA for accurate probe hybridisation. By extension due to biological and 

technical factors, the type of sample (i.e. tissue sections versus whole cells in 

suspension) and cell type may strongly affect denaturation and hybridisation 

condition requirements (e.g. granulocytes require higher temperatures than 

lymphocytes) [62, 130, 131]. Therefore, conditions need to be optimised for protocol 
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standardisation across cell and sample type. The protocols outlined above disrupt 

intermolecular biochemical bonds (i.e. hydrogen bonding between complementary 

base pairing) in nucleic acids and histone proteins. Careful optimisation was also 

exercised in utilising these protocols as conditions that would denature nuclear DNA, 

which is relatively chemically stable, would also alter and even damage the rest of the 

cell. This refers to other significant cellular components and structures maintaining 

the integrity of the cell. The cell membrane is primarily composed of proteins and 

lipid bilayers that are susceptible to denaturation/damage by both high temperatures 

and extreme pH changes through disruption of intermolecular bonds stabilising the 

native state/conformation of these components [127, 132-134]. Therefore, disruption 

of these integral membrane components will lead to distortion of cellular 

structure/morphology and lysis of whole cells.  

I have shown that all DNA denaturation methods tested for the optimisation of 

the immuno-flowFISH protocol produced distinct and profound changes to 

morphology effecting variable preservation across all types of PBMC isolated. The 

validation findings of heat denaturation (66-82oC), acid denaturation (0.5-4M 

hydrochloric acid and 5-25% acetic acid) and enzymatic denaturation (proteinase K) 

correlate with literature documentation and the biochemistry of the treatments 

utilised. Conventional slide-based FISH methodologies may utilise a variety of pre-

hybridisation procedures, optimised for the removal of histone proteins and 

denaturation of dsDNA. Denaturing chemical treatments, such as acids, bases and 

solvents (with heat) disrupt the structural conformation of histone proteins and 

dsDNA [62, 127, 129-132, 135, 136]. Traditionally, most variations of DNA 

denaturation techniques in standard FISH adopt higher limits or more rigorous 

experimental treatment as cells or tissue sections are supported on glass slides during 

processing and analysis. These slide surface supported cells or nuclei appear more 

robust and stable due to the additional physical support for the structural integrity of 

cellular components and ‘lock in’ general morphological appearance despite damage 

to biological components [38, 42, 50]. In contrast, maintaining whole intact cells in 

suspension with relatively good morphological appearance during immuno-flowFISH 

processing is a lot more challenging even with adequate cellular preservation due to 

the experimental format (i.e. whole cells are more exposed to the experimental 

elements). More precise reference ranges of DNA denaturation treatments were 
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optimised and validated to ensure reproducible and accurate cellular analysis after the 

full immuno-flowFISH protocol. 

 

4.4.2.2 DNA Denaturation with Acid  

Utilising a significant change in pH to denature DNA such as using an acid 

treatment (i.e. protonation) is similar to heat based denaturation in terms of disruption 

of hydrogen bonds involved in base pair pairing and helical stabilisation of dsDNA 

[62, 130, 131, 136]. Low pH treatments also change/denature the native conformation 

and structure of proteins (e.g. solubilise chromatic stabilising histone proteins) by 

disrupting hydrogen bonds and disulphide bridges, which organise polypeptides 

(including aldehyde fixed structures) [62, 130, 133]. Therefore, utilising acid based 

DNA denaturation protocols will also induce permeabilisation and potential lysis (if 

acidity is sufficient) of whole cells as well as alter general morphology through 

denaturation of proteins spanning the plasma membrane. Compromised cellular 

morphology can also be accompanied by significant nuclear DNA damage or loss of 

detectable DNA resulting from pH-based treatment preceding heat denaturation. 

Under excessively low pH conditions, the phosphodiester bonds that stabilise the 

DNA backbone are disrupted which results in cleaving of whole DNA strands into 

smaller fragments (i.e. nucleosides and nucleotides) and loss of specific target 

sequences. Two acid-based protocols were tested and evaluated: 

 Carnoy’s fixation (via acetic acid denaturation) 

 Hydrochloric acid 

Common acids used in FISH applications are acetic acid (as part of Carnoy’s 

fixation) and hydrochloric acid, which simultaneously denature proteins and disrupt 

hydrogen bonds involved in the base pairing of dsDNA. Published data has shown a 

wide range of hydrochloric acid concentrations used for nuclear disruption where 

most histones are shown to be soluble in 0.1M and complete denaturation of DNA of 

all cells is achieved at 4M [128-130]. Acetic acid denatures and coagulates DNA, 

however despite its clear application for DNA preparation, the concentration of acetic 

acid used for conventional FISH does not differ from 25%. A single treatment of 

acetic acid at this concentration (in methanol) preceding heat denaturation renders 

nuclear material labile for probe hybridisation to DNA and produces robust FISH 
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signals. However, it was determined that Carnoy’s fixation or acetic acid (5-25%) did 

not enable reliable preservation of whole cells or immunophenotype. I have also 

provided evidence that a lower concentration of acetic acid produces suboptimal FISH 

results due to insufficient DNA denaturation across most cells. The optimisation data 

shows that at 5% acetic acid with methanol and formaldehyde fixation, FISH probe 

spot counting was heterogeneous with no detectable hybridised probe signals in a 

large proportion of cells, as well as high levels of non-specific staining. Furthermore, 

as previously described, Carnoy’s fixation/acetic acid was incompatible with 

immunophenotyping regardless of antibody-fluorophore combinations, cell and 

antigen type or concentration of acetic acid tested with BS3 stabilisation. Acetic acid 

treatment resulted in the complete inability to resolve positive and negative cell 

populations due to loss of specific immunofluorescence and increases in 

autofluorescence. This resulted in heterogeneous fluorescence intensity analysis 

profiles. Therefore, it was unsuitable for DNA denaturation for immuno-flowFISH. 

Hydrochloric acid (HCl) has been used extensively in cell cycle and 

proliferation analysis by enabling dye intercalation to denatured nuclei. HCl also has 

an established role in immunophenotypic analysis when used in antigen retrieval 

methods in tissue immunohistochemistry. The range of hydrochloric acid 

concentrations tested were verified in the literature, 1-4M provides sufficient DNA 

denaturation for all types of cells in PBMC isolations [128-130]. My findings were 

consistent with the effects of the deleterious effects of extreme low pH conditions. 

Relatively high hydrochloric acid concentrations tested (2-4M) markedly 

compromised nuclear content (as determined via DNA stain detection), produced 

greater distortion of cellular components and increased cell lysis. It was found that the 

incorporation of 1M HCl profoundly improved probe hybridisation (i.e. majority 

diploid signals) and was tenable for the perseveration of morphology and 

immunophenotype. This produced highly accurate/specific FISH analysis of cells 

even without the presence of acetic acid or any other pre-hybridisation treatment. 

Further results have shown that both 0.5M and 1M HCl enabled sufficient nuclear 

denaturation for efficient and accurate probe hybridisation. Also, at these 

concentrations HCl did not adversely affect antigen viability or antigen-antibody 

complexes/binding integrity; it did however disrupt some fluorophore chemistries. 

However higher concentrations of 2M and 4M significantly diminish probe 
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hybridisation signals and nuclear staining by DNA dyes of all cells [128, 137]. These 

results are consistent with the literature that HCl concentrations of at least 0.5M are 

enough to denture the nucleus of cells however in contrast, high concentrations of 

HCl significantly denatured and damaged the DNA of all cells preventing 

hybridisation [62, 128-131, 133, 136]. This was consistent with the morphological 

data related to cellular damage due to the deleterious effects of acid treatment at high 

concentrations. Overall HCl (0.5-1M) was the preferred DNA denaturation protocol 

for immuno-flowFISH. 

 

4.4.2.3 DNA Denaturation with Enzymatic Treatment 

Enzymatic treatments are common in slide-based FISH protocols by using 

protein digesting/cleaving enzymes (e.g. pepsin or proteinase K) to permeabilise and 

facilitate DNA denaturation through the removal of histone proteins [129, 131, 136]. 

Highly active endopeptidases such as Proteinase K also inactivate or digest 

endogenous nucleases that may degrade cellular DNA to improve hybridisation [114]. 

Enzymatic treatments however may significantly alter/damage cell morphology 

through compromising stabilising protein structures. This is due to digestion of 

integral membrane and other cellular components maintained in the structural 

integrity of cells. Based on immuno-flowFISH optimisation, in addition to marked 

degradation of cell morphology and structure, proteinase K was found not to improve 

probe hybridisation and FISH spot counting. 

 

4.4.2.4 DNA Denaturation with Temperature 

Almost all FISH methodology utilises a critical heating stage to completely 

denature nuclear DNA just before the probe hybridisation process. Sufficient heating 

induces complete dissociation of the hydrogen binding interactions between base 

paring in helical dsDNA and, to a lesser degree, remaining protein-nucleic acid 

stabilising interactions from prior chromatin denaturation [127, 131, 132, 135, 138]. 

Sufficient denaturation of dsDNA for oligonucleotide hybridisation can traditionally 

range from 70oC to over 100oC. This is subject to the application as well as the 

denaturation kinetics of the system. Traditionally, complete denaturation of dsDNA 
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for molecular based applications (i.e. PCR) incorporate 95oC-heating cycles and for 

slide-based FISH the optimal temperature is lower at around 82oC. However, since 

immuno-flowFISH is performed with immunophenotyped cells in suspension; the 

denaturation temperature required optimisation. Similar to the validation of acid 

denaturation, this ensures the integration of accurate probe hybridisation, 

morphological integrity and immunophenotype (i.e. Section 4.2). 

Careful evaluation of heat denaturation requirements on overall cellular 

analysis was required due to the evidence of significant heat induced changes of cells. 

The specific melting temperature of nuclear DNA, as defined by which half of coiled 

dsDNA dissociates into ssDNA is 95oC, however this is highly dependent on the 

predominant type of base pairing existing between target strands (i.e. AT or GC) and 

the presence of salt and solvent during heat denaturation[127, 128, 131, 135, 136, 

138]. Therefore, dsDNA can be denatured from temperatures usually ranging from 

70-100oC. Whole cell suspensions may present extra technical difficulties related to 

preservation, as cells are no longer stabilised on slides. Lipids and proteins composing 

of cellular structures such as the plasma membrane have significantly lower melting 

or denaturation temperatures compared to DNA due to their biochemical composition 

and stabilisation. High denaturation temperatures (i.e. >80 oC) increase the fluidity of 

the lipid bilayer (due to weaker lipid based bonding and expansion of water between 

layers) and denaturation of membrane proteins by dissociating hydrogen bonding and 

disulphide bridges which stabilise the native coiling or conformation of protein 

structure [14, 74, 105, 134, 139, 140]. Therefore, high denaturation temperatures can 

cause significant disruption and damage to the cell membrane (i.e. form holes and 

permeabilisation) leading to irreversible distortions to the naïve cell morphology and 

cause cell lysis. Furthermore, high temperatures may also disrupt stabilising cross-

linking disulphide bonds of aldehyde fixed cellular proteins thereby further effecting 

their preservation.  

This was all in keeping with immuno-flowFISH test results, which showed 

higher temperatures (i.e. 82oC for 5 minutes) or extended heating (i.e. 10 minutes), 

resulted in distinctly poorer cell morphology. Specifically, this involved major 

distortions to the cellular dimensions and structures, which was the cause for cell lysis 

and loss of detectable DNA. This was evident from both microscopy of 

cytocentrifuged Romanowsky stained cells and IFC data. At lower temperature 
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denaturation (66-73oC for 5 minutes), there was better cellular preservation and yield 

indicating less physically deleterious effects of heat on preserved cellular structures 

(i.e. cell membrane and aldehyde preserved protein components).  

The instability in biological or organic macromolecules at high temperatures 

can therefore translate to damage cell surface integrity, antibody-epitope binding 

(minimised by BS3 crosslinking) and fluorochrome chemistry (Section 4.2) [32, 109]. 

I have clearly shown that heat denaturation even at lower temperatures (i.e. 66-73oC) 

led to the greatest reduction in the resolution of cells by immunophenotype in the 

immuno-flowFISH methodology. Inclusive of overnight probe hybridisation, 

fluorescence intensity of stained populations decreased, compounded by an increase 

in autofluorescence (i.e. 430-505nm and 480-560nm ranges). This combination would 

account for the general decrease in the resolution or SI of all positive populations.  

Closer inspection of immunophenotyping after heat denaturation and probe 

hybridisation (in image galleries) showed distinct changes in the immunofluorescence 

patterns of cells. These varied by cell type and antigen. This suggests differences in 

the molecular rearrangement of lipids and proteins (i.e. lipid bilayer rafting or 

movement) due to temperature-induced molecular changes. This refers to the hotspots 

of fluorescence (i.e. bound antibody) accumulating in certain regions of the cell 

surface as highlighted in example of CD19 positive B-cells (Figure 16C objects 789 

and 4833). The increase in autofluorescence of cells after FISH has been well 

established in the literature and a confounding problem in probe signal resolution 

[123, 124, 140, 141]. Non-specific binding of probe to cellular structures apart from 

specific DNA targets generates an inherent background fluorescent “haze” and can be 

detected in certain wavelength ranges specific to the spectral profile of the probe 

fluorophore. High temperatures “denature” the native organic chemistry and therefore 

are likely to change the spectral characteristics of cellular components derived in the 

lipid membrane and the nucleus at the molecular level. This is evidenced by TEM 

images showing major ultra-structural changes after DNA denaturation (acid and heat 

induced) compared to native conformations of unprocessed cells. This also reaffirms 

the need to “minimise” cellular damage up until and throughout hybridisation with 

optimal processing stage and quenching of inherent non-specific background 

autofluorescence to maximise specific immunofluorescence as well as FISH signal 

resolution. Heat denaturation temperatures of 66-73oC offer sufficient retention of 
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both cell morphology and immunophenotype. Both stringency washes and buffers 

containing protein or serum have been implemented to minimize or quench spurious 

autofluorescence output from FISH altered cellular components. 

 

4.4.2.5 DNA Denaturation with Temperature: FISH Analysis Optimisation 

The thermodynamics of FISH optimisation is complex and precise and 

centralises around the melting temperature. This is subject to a plethora of variables 

related to dsDNA stability. These variable requirements in dsDNA denaturation 

temperature (i.e. 70-100 oC) depend on a number of factors validated: 

 Type of cell or sample (i.e. whole cells versus nucleus section) 

 Pre-hybridisation treatment as discussed (i.e. chemical/acid or enzymatic 

treatments) 

 Length/size and stability of the specific DNA sequence targets (e.g. GC rich 

regions require higher temperature due to greater stability)  

 Type of oligonucleotide or DNA probe utilised for detection (i.e. size and 

specificity of the probe).  

 Hybridisation buffer composition (e.g. concentration and type of solvent 

used).  

 Hybridisation or probe incubation time 

To bypass the prohibitively high temperature requirements of standard slide-

FISH preparations, pre-hybridisation acid treatments (i.e. 0.5-1M HCl) were 

optimised and various hybridisation buffers were tested. FISH hybridisation buffers 

contain solvents such as formamide. Solvents lower the melting temperature of 

dsDNA and the annealing temperature of nucleic acid strands by 

interacting/competing for hydrogen bonds (i.e. act as hydrogen donors). Currently 

formamide is the solvent of choice for FISH applications in both research and 

diagnostic settings. As solvents play an integral role in hybridisation by producing 

labile ssDNA, further investigation into many different types of solvents such as 

DMSO and ethylene carbonate have been evaluated. Highly polar aprotic solvents 

such as ethylene carbonate have favourable DNA solubility evaluation parameters 

(δH; below 13 MPa1/2 and molar volume below 110cm3/mole) for slide-FISH (tissue 
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sections) as determined by Matthiesen and Hansen [138]. These solvents have lower 

affinity towards base pairing and therefore a mechanism for faster probe hybridisation 

as strands can gain easier access and bind to their complementary strands when there 

are no hydrogen bonds from the solvent disturbing the base pairing [127, 132]. As 

such, solvents like ethylene carbonate can reduce heat denaturation temperature (i.e. 

from 82oC to 67oC) whilst also supporting faster probe hybridisation (i.e from 16 

hours to 1 hour) [46, 138]. In relation to the key principles of immuno-flowFISH 

development, a lower denaturation temperature is an essential requirement to enable 

better preservation of whole cells, morphology and immunophenotype (as shown in 

previous PBMC optimisation data slide-FISH temperature of 82oC compromises 

morphology) while facilitating specific probe hybridisation. 

I have shown diverse probe hybridisation results were achieved through 

altering the parameters of initial denaturation temperature (66oC/73oC) for 5 minutes 

and the hybridisation buffer solvent (formamide/DMSO/ethylene carbonate) and its 

concentration. The effect of temperature and solvents was normalised to the validated 

pre-hybridisation processing protocols which was 4% formaldehyde and 0.1% 

Tween20 fixation and permeabilisation, followed by 0.5-1M HCl acid denaturation. 

FISH optimisation involved Vysis CEP1 hybridisation signal detection as an initial 

protocol development reporter standard/control for DNA denaturation and probe 

hybridisation success. The denaturation time of 5 minutes is a standard time 

recommended in most conventional FISH application and was maintained throughout 

validation of DNA denaturation. The ideal denaturation temperature for all protocol 

variations including pre-hybridisation and hybridisation/solvent buffer variations was 

determined to be 73oC. This temperature encompasses best morphology and 

immunophenotyping preservation. With regards to probe hybridisation, the best 

overall results were also attained with this temperature for CEP probes as it enabled 

significantly greater detectable signals across all protocols tested compared to a lower 

temperature of 66oC. Denaturation temperature of 66oC was untenable in all CEP 

hybridisation tests producing almost no detectable signals or hybridised cells except 

for when DMSO was utilised as the solvent, with minimal specific signals (most cells 

remained hybridised) and did not improve upon a temperature increase to 73oC. This 

suggests that 66oC was insufficient for the denaturation of dsDNA for probe 

hybridisation of whole cells and probe.  
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The concentration or solvent composition in the hybridisation buffer was also 

evaluated. Solvents such as DMSO and ethylene carbonate were tested as possible 

alternatives to formamide. However, both produced largely suboptimal inferior results 

compared to formamide irrespective of any protocol variations to pre-hybridisation 

processing. Hybridisation buffers consisting of 50% formamide (i.e. both in-house 

formulations and VCEP buffer) provided the best overall hybridisation signals with 

denaturation at 73°C for 5 minutes. It was found that DMSO and ethylene carbonate-

based buffers produced largely hybridised cells or sporadically stained events across 

almost all immuno-flowFISH protocol variations however there were some notable 

findings. Only DMSO enabled specific FISH signals to be detected at a denaturation 

temperature of 66°C suggesting greater denaturation efficiency compared to 

formamide with the same concentration (15%) at this lower temperature. Investigation 

into ethylene carbonate-based hybridisation buffers revealed an increase in 

hybridisation rate due to detectable FISH signals at just three hours (undetectable with 

formamide at the same concentration and conditions). However, signals were 

heterogeneous/sporadic and non-specific with a high number of cells demonstrating 

3+ spots. FISH signals did not improve with altering concentrations of DMSO or 

ethylene carbonate (i.e. 10%) even though working concentrations were significantly 

lower than that of optimal formamide (50%) or hybridisation time. This suggests that 

the optimal limits for these specific solvent-based hybridisation buffers have been 

reached for the immuno-flowFISH protocol and most of the FISH signals achieved 

were largely non-specific. Despite this, these alternative solvent hybridisation buffers, 

especially commercialised proprietary formulations such as IQ-ultra fish ethylene 

carbonate FISH buffers from Dako, remain a promising prospect for lowering 

denaturation and hybridisation requirements to further improve immuno-flowFISH 

protocol flexibility/versatility with better preserved cells and antibody conjugates as 

well as shorter hybridisation times for sample analysis. Currently the optimised 

regimen for heat denaturation for dsDNA for standard CEP probe hybridisation 

consists of 73°C for 5 minutes in 50% formamide hybridisation buffers (greatest 

number of specific 2-spot counts achieved with low background 3+ spots).  

The resulting findings of temperature and solvent based hybridisation buffer 

requirements were consistent with established diagnostic FISH probe kits (i.e. Vysis 

and SureFISH) for whole cells and validates the final modality (genotyping) of the 
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optimal immuno-flowFISH protocol. The best overall CEP FISH signals can be 

attained by 4% formaldehyde fixation and 0.1% Tween20 permeabilisation, 0.5M 

HCl acid denaturation and 73°C heat denaturation with formamide hybridisation 

buffer based on the overall morphology, immunophenotyping and FISH data.  

 

4.4.3 DNA Probe Selection  

As outlined previously, the hybridisation kinetics of FISH (i.e. the 

denaturation temperature and hybridisation buffer) are intimately linked to the type of 

DNA probe utilised. Fluorescently labelled DNA FISH probes are precision 

molecular reporters that enable detection of specific chromosomal features. This 

revolves around hybridisation specificity and the ability to resolve sub-cellar signals 

based on sample preparation and detection capabilities. Therefore, accurate FISH 

analysis requires adaptation of all FISH processing components to probe design, type 

or choice. The ideal characteristics of DNA probes depends on the application and 

may include: 

 Size and specificity of the probe 

 Size and accessibility of the probe hybridisation target 

 Hybridisation stringency – includes washing buffer composition 

 Hybridisation or probe incubation time 

 Conjugated fluorophore or reporter molecule  

 Compatibility with multi-probe tests (i.e. simultaneous analysis of more than 1 

chromosomal feature - kits)  

As immuno-flowFISH was developed with the intention for translation to 

clinical application and diagnostic FISH testing, two well established commercial 

DNA probe types were tailored to protocol development based on applicability and 

standardised assessment: 

 Chromosome enumeration probes (i.e. Vysis CEP1, CEP12 and CEP17) 

 Locus specific probe for 17p detection (i.e. SureFISH 17p12) 
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4.4.3.1 Immuno-flowFISH Method Optimisation with CEP Probes 

The immuno-flowFISH method was first optimised for FISH analysis with 

CEP for ease of standardised assessment (normalised controls) and direct applicability 

to CLL (i.e. trisomy 12). FISH signals achieved through commercial CEP probes 

were highly resolved and detectable reflecting the nature of relatively larger probes 

(centromeric) that bind to repetitive satellite DNA sequences localised around the 

centromere. Vysis CEP probes from Abbott Molecular were used for this study. 

The size and lesser specificity of CEP probes may also increase non-specific 

staining or background that may diminish signal to background ratio or increase 

erroneous spot-counting signals. Therefore, FISH analysis with CEP probes required 

increased stringency to minimise non-specific probe staining and remove excess 

probe. Higher stringency or reduction of non-specific hybridisation events can be 

achieved through pre-hybridisation processing such as blocking stage, (i.e. 

PBS/1%BSA buffer wash/blocking stage for immuno-flowFISH), pre- and post-

hybridisation stringency washes (i.e. wash buffer composed of non-ionic non-

denaturing detergent, non-organic salt concentration) and hybridisation buffer 

composition (i.e. detergents, blocking reagents, non-organic salt concentration and 

dextran sulphate). These buffer components have a concentration dependent effect on 

the stringency of probe hybridisation and should be adjusted depending on probe type 

or size used and molecular target of interest. In particular, the inclusion of the non-

ionic non-denaturing detergents such as Igepal CA-630, or the chemical equivalent 

Nonidet P-40 (NP-40), to stringency washes increases enumeration of specific probe 

signals. Igepal was used at low concentration (≤0.3%) for less than 10 minutes as high 

concentration and extended incubations may disrupt membrane proteins such as the 

cell surface markers used for immunophenotyping [114, 119, 120]. Furthermore, non-

ionic detergents (i.e. Tween20) and serum (i.e. FBS and BSA) can act as surfactants 

that minimise non-specific interactions between probe and cellular components (i.e. 

plasma membrane). Decreases in salt concentration and increases in probe dependent 

heating temperature in stringency wash stage and probe hybridisation incubation 

produce higher stringency conditions. The initial optimised immuno-flowFISH 

protocol for CEP probes incorporates a PBS/2%FBS or PBS/2%BSA buffer 

wash/blocking stage, two stringency washes (pre-hybridisation with 0.1% NP-40 and 

2xSSC and post-hybridisation with 0.1% NP-40 and 0.4xSSC at 42°C), and 
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hybridisation times of 16-24 hours at 37°C in 50% 

formamide/2xSSC/0.1%Tween20/10%dextran sulphate hybridisation buffer (e.g. 

VCEP).  

The parameters discussed above were recommended by diagnostic Vysis CEP 

kit protocols. These commercially available probes produced strong and uniform 

resolution of specific FISH signals for immuno-flowFISH processing as shown in the 

analysis. Deviations in these standardised parameters such as increasing SSC salt 

concentration (from 2X to 4X) and dextran sulphate (10 to 20%) in the hybridisation 

buffer to promote probe hybridisation kinetics resulted in significant levels of non-

specific FISH signals (3-spot counts and dimmer resolution of specific spots) as 

shown in the optimisation data. The hybridisation reaction volume can also have a 

profound effect on FISH efficiency due to variations in small volume (i.e. 10uL) 

preparation due to pipetting inconsistencies (e.g. removal of supernatant from cell 

pellet before hybridisation and delivery of hybridisation reaction components). 

Changes in delivery of small reaction volume will have a profound effect on 

hybridisation accuracy due to changes in the concentration of reactants (i.e. probe 

concentration) and may be more susceptible to evaporation during incubation. There 

was no evidence of hybridisation volume inaccuracies leading to variable probe 

hybridisation results during immuno-flowFISH development.  

The manufacturers also recommend a minimum of 6-8 hours for the FISH 

CEP probes to bind the target DNA, with standard practice involving overnight 

(16+hours) incubation. Immuno-flowFISH protocol development tested hybridisation 

times from 8-30 hours at 37°C to determine the optimal range of incubation times to 

determine feasible processing times that achieved good quality FISH signals for 

applicability to the diagnostic setting. Longer hybridisation times were avoided as the 

background non-specific probing increased and fluorescence intensity of 

immunophenotyping decreased. Through general immuno-flowFISH validation with 

CEP probes, incubation times from 16-30 hours enabled resolved FISH signals 

without diminishing signal for accurate spot counting. 

As detection of FISH signals is based on fluorescence intensity, similar to 

antibody-fluorophore combinations, the selection of the fluorophore conjugated to the 

DNA probes should also be carefully considered as it plays an integral role in its 

signal resolution from background under immuno-flowFISH conditions. Traditionally 
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commercial FISH probes and diagnostic FISH kits are produced with a range of 

fluorescent conjugates or “colours” to provide multiple probe analysis capability 

within a sample. The most commonly utilised probe fluorophores are usually 

analogues of those with a shorter wavelength high-energy emission range of 450-

550nm such as FITC (480-560nm) and PE (560-595nm). These include Abbott 

Molecular Vysis SpectrumGreen and SpectrumOrange, Agilent OrangeRed and 

Kreatech SpectrumBright 495 fluorophores. While these high energy emission 

fluorophores are advantageous for immuno-flowFISH application in terms of sharper, 

more intense signals for enumeration, these should be still utilised with caution and 

consideration as the majority of the autofluorescence related to technical processing 

(endogenous PBMC signals) and multi-laser excitation also occurs at these 

wavelengths and will diminish signal resolution, e.g. Ch02 (480 – 560nm) is used to 

detect for SpectrumGreen fluorescence but also has the greatest autofluorescence 

detection compared to Ch03  (560 – 595nm) detection.  

Spectral overlap from FISH probe or immunofluorescence in adjacent 

channels may further confound specific FISH signal resolution in question, therefore 

adequate compensation and panel design was important. The optimisation data 

demonstrates the multispectral capabilities of the ISX MKII and the preliminary 

capability of the immuno-flowFISH protocol to host a panel consisting of multiple 

antibodies and FISH probes in a single test. I have demonstrated proof of this 

principle by combining CEP1-SpecturmOrange and CEP12-SpectrumGreen detection 

in the same test hybridised within the same cell. Both probes determined accurate, 

highly specific and comparable spot counts for each chromosome that were spatially 

localised differently indicating specificity for each chromosome was not due to 

spectral cross-talk of probe channels (Ch02 and Ch03). The ISX MKII platform 

enables the laser excitation power to be altered to maximise specific FISH signal 

resolution related to fluorophore excitation, therefore laser energy input was 

optimised for each probe (Section 4.5). The immuno-flowFISH protocol has been 

shown to accurately enumerate SpectrumOrange and SpectrumGreen conjugated CEP 

probes as well as dual probed samples. 
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4.4.3.2 Optimisation with Locus Specific 17p12 Probe 

Upon development with CEP probes, the immuno-flowFISH methodology 

was further optimised to incorporate locus specific probes. This brings the diagnostic 

setting into context, where multiple probes of prognostic utility are used to determine 

cytogenetic status and risk stratify the malignancy subtype e.g the Vysis CLL FISH 

Probe Kit (Abbott Molecular) combines up to three probes (i.e. 13q-, +12, or normal 

genotype CLL group versus poor prognosis 11q- or 17p- subtype) conjugated with 

SpectrumOrange, SpectrumGreen and SpectrumAqua fluorophores. A significant 

component of development prior to translational CLL assessment was to optimise 

FISH analysis for del(17p) detection with SureFISH 17p12-OrangeRed probe.  

Specifically, the application of small sized locus specific probes (i.e. smaller 

than 200bk in length) requires specific requirements beyond CEP analysis (i.e. probe 

and target DNA sequence specific). As shown in the data, with reference to the CEP 

protocol template, heat denaturation temperature (74°C), the stringency of buffered 

washes (0.3% NP-40 0.1xSSC), and hybridisation time (30 hours) were all increased 

to maximise the specificity and resolution of SureFISH 17p12-OrangeRed probe 

signals (Ch03). In addition, laser excitation powers were optimised to ensure signal to 

noise ratio was maximised along with an appropriate compensation matrix (e.g. 

correction of overcompensation of Ch03 channel which would diminish specific 

signals). Enhanced DNA denaturation, incubation time and non-specific probe 

removal (i.e. minimising 3+ spot cells) maximised the number of hybridised cells 

with specific signals. Despite these improvements, the automated spot counting of 

17p12 signals remained suboptimal compared to simultaneous CEP analysis. Whilst 

the majority of cells demonstrated 2-spots in healthy donor blood there was a 

relatively broader range of spot counts from 0-3+ spots compared to CEP analysis.  

The addition of Vysis CEP17 as a control probe (i.e. dual probe labelling) 

confirmed 17p12 signal specificity and accuracy as performed in the diagnostic 

setting for del(17p) detection. This controls for false positive “loss” of whole 

chromosome 17 or insufficient probe staining due to processing error and eventual 

detection of 17p deletions related to the specific locus on a chromosome 17 in clinical 

cases. Accurate and specific spot counts (i.e. majority diploid signals) were 

determined for CEP17 in a sample that was dual probed with 17p12, with almost all 

17p12 FISH signals visually co-localised with resolved CEP17 FISH signals within 
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the nucleus indicating specificity and accurate detection by the immuno-flowFISH 

technique. 

Unlike CEP probes, locus specific probes such as SureFISH 17p12-

OrangeRed is only 458kb in size and has a smaller molecular localised DNA target 

sequence region. This culminates in much lower fluorescent intensity output of 

hybridised signals. The SureFISH 17p12 probe remains the only compatible del(17p) 

detection probe due to a more favourable oligonucleotide and conjugated fluorophore 

chemistry, it is also the largest size probe commercially available that anneals to a 

larger span on the TP53 locus compared to traditional del(17p) TP53 detection probes 

(less than 200kb in length). This results in higher numbers of fluorescently bound 

SureFISH 17p12 probe culminating in increased brightness compared to smaller 

probe variants. However the overall lower fluorescence intensity threshold of these 

probes may still fall below the detection limits of the ISX MKII platform, which 

utilises time-delay integration to collect fluorescence measurements that acquires and 

accumulates all fluorescence emitted by the cells as they pass in front of the detection 

camera to boost dim signals. An analytical strategy for dim signal detection was 

optimised to account for this as shown in Chapter 3. The analysis incorporates 

software-automated analysis and the generation of spot count ratios (with additional 

visual confirmation of FISH signals); this is discussed in more detail in Section 4.6 

(Data analysis). 

 

4.5 Instrument Settings and Sample Acquisition 

 

ISX MKII acquisition settings needed to be optimised to enable detection of 

both the cellular immunophenotype and nuclear FISH probe signals in a statistically 

relevant number of cells. Specifically, this required standardisation of the following 

instrument settings: 

 Laser excitation power 

 Magnification with extended depth of field (EDF) 

 Cell identification during acquisition – i.e. scatter plot 

 Number of cells acquired and rate of acquisition 
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 Acquisition of compensation controls 

A final acquisition template consisting of standardised lase excitation settings 

and optical configuration was determined for all validated panels (Table 13). 

Specifically, this included 100mW 405nm, 50mW 488nm, 150mW 561nm, 120mW 

642nm and 1.5mW 785nm laser settings with images captured with the x60 objective 

using EDF imaging. This provided the detection resolution capable of identifying 

cells based on immunophenotype (i.e. CD3, CD5 and CD19) and FISH probe signals 

(i.e. CEP and 17p12). This was important as the best signal to noise ratio or pixel 

intensity/resolution was achieved by maximising specific fluorescent signals and 

offsetting background. This in turn provided the best application of antibody and 

FISH probe performance. It also provides the ability to compare all data sets (i.e. 

normalisation) and reinforces the capability to identify technical and biological 

differences. This was particularly essential for the detection of dim signals such as the 

SureFISH 17p12-OrangeRed probe. Furthermore, compensation beads provided a 

uniform standard by which overlapping fluorescent signals from antibody and probe 

can be corrected (“compensated”) thereby reinforcing the analysis of true-positive and 

true-negative events.  

In terms of the acquisition of the number of cellular events per sample, a 

minimum of 10,000 “single cell events” was collected. Instrument registration of 

these events (INSPIRE v4.1 software) was based on events identified within a “single 

cells” gate, based on a scatter plot of aspect ratio versus brightfield Area (Ch01). All 

events that fall outside of this gate (i.e. cells clumps and debris) were also collected. 

This ensured that the objective detection sensitivity of all samples could be achieved 

at a threshold of at least one cell of interest in a background of 10,000 cells. The rate 

of cell acquisition was determined to best at 1-200 “single cell” events per second. 

This was subject to sample yield or quality and the x60 objective magnification flow 

setting. The final volume for analysis (i.e. 30uL) was standardised to these 

parameters. This minimises clumping of events or loss of rare events that also 

contributes to flow core instability and obstruction of precision imaging (i.e. out of 

focus events). Therefore, at this analysis volume, the capture of single cell images for 

analysis (independent from sample quality) and manageable acquisition times per 

sample can be readily achieved.  
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4.6 Data Analysis 

 

Once the “wet components” of the immuno-flowFISH methodology had been 

refined, a robust and reproducible technical template was required for data analysis 

and reporting. Refinement included the maximisation of probe signal resolution and 

quantitative analytical standardisation for both chromosome enumeration and locus 

specific probes (i.e. SureFISH 17p12-OrangeRed) in thousands of whole cells 

identified by immunophenotype. The quantitative capabilities of the ISX MKII 

platform coupled with the IDEAS analysis software are similar to standard flow 

cytometry assessment and can be standardised.  

Immuno-flowFISH analysis incorporates standard flow cytometry gating 

strategies (e.g. identification of immunophenotype) with image-based analysis. 

Specifically, this involves quantitative analysis of fluorescence intensity and 

automated image or morphological analysis (i.e. image features and pixel based 

masking strategies). Both quantitative image analysis features and fluorescence 

intensity were required to determine accurate spot count FISH assessment. This 

approach is already a major technical advance over standard FISH on slide 

techniques, which have major limitations:  

 Manual scoring alone is slow and tedious 

 Manual scoring alone has low sensitivity and specificity (subjective) 

 Truncation and overlapping of nuclei are difficult to interpret 

 Dispersal of nuclear material from harbouring cell - FISH signals may not be 

specific to the cells of interest 

These technical limitations are overcome by how the cells are prepared and 

how they are analysed in immuno-flowFISH. Quantitative gating and automated spot 

counting algorithms are used in place of manual interpretation. These include 

quantitative parameters related to signal to noise ratio, diameter between spots and co-

localisation with nuclear stain generated masks to calculate the interpretation of 

detected fluorescence signals. Specifically, the complete immuno-flowFISH software 

guided analysis strategy as demonstrated in Figure 7 involves: 

1. Selection of in-focus images of cells  
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2. Select single cells by brightfield parameters 

3. Refine selection of single nucleated cells using nuclear DNA stain 

fluorescence intensity histogram analysis 

4. Gate subpopulations of interest using fluorescence intensity analysis of cell 

surface markers (i.e. bi-color dot-plots) 

5. Gate cells with FISH hybridisation “spots” in the nucleus (i.e. Similarity 

feature calculation) 

6. Calculate spot count for each subpopulation identified in the sample (i.e. Spot 

Count feature calculation) 

7. Correct for overlapping spot count (i.e. fluorescence intensity histogram 

analysis) 

8. Visual confirmation of image galleries and generation of spot count ratios 

from spot count data between subpopulations (i.e. B-cells versus T-cells) 

(Chapter 3 and 5).  

 

4.6.1 Data analysis: FISH with CEP Probes 

My data on CEP probe analysis (i.e. CEP1, CEP12 and CEP17) showed that 

both signal detection/resolution/specificity (i.e. Section 4.2 – 4.5) and software 

analysis template (i.e. automated spot count algorithm) was optimised. This was 

evidenced by the predominance of 2-spot count FISH signals detected by IDEAS and 

verified by visual confirmation for healthy donor blood with CEP1 and CEP12 after 

quantitative correction (96%+ 2-spot counts). Further flow cytometry based 

quantitative fluorescence intensity analysis based on the normalised fluorescence 

intensity range (i.e. 2n) of true-spot nucleated single cells enabled this analytical 

refinement and accuracy. The majority of visual 1-spot events (10-20%) fall inside 

this 2n fluorescence intensity range for 2-spot diploid single cells indicating that they 

were 2-overlapping spots due to the spatial orientation of the whole cell. Due to the 

sensitivity of quantitative software analysis of thousands of cells, subtle variations in 

cell integrity and technical artefacts culminates in the detection of very small 

proportions of events falling outside of this 2n range resulting in the 1-spot and 3-

spots inherent in all FISH based protocols. Due to the number of cells analysed, 
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immuno-flowFISH testing is also more likely to detect the very minor or marginal 

variations of sample processing inherent in slide FISH.  

The small number of 1-spot events for CEP are likely to be due to DNA 

damage or degradation, incomplete probe hybridisation and over-stringent washing as 

discussed previously. There is also evidence in the image galleries (data not shown) 

that there are dimmer specific second signals existing in “monosomy” events 

produced by CEP analysis. This can be corrected by the analysis discussed above, 

however these signals did not always register as a major fluorescence intensity shift 

compared to true 2-spot events. Conversely, 3-spot counts can be attributed to non-

specific staining of a third spot lying within the nuclear mask. These spots can be 

brighter due to insufficient stringency washing or hybridised to a particularly 

compromised (i.e. “sticky”) part of the cell. These very minor sub-optimal spot-count 

variations are low when compared to the hybridisation efficiency of standard 

interphase slide-FISH. A spot count of only >90% for standard slide-FISH is regarded 

as having very high hybridisation efficiency. Thus the impact of minor 1-spot or 3-

spot background events detected per test is not considered significant especially when 

the number of immunophenotyped cells increased specificity and sensitivity 

compared to standard slide FISH and some single modality techniques. These results 

correlate well with the Minderman et al. (2013) findings with standard flow-FISH 

(IFC) in terms of technical and analytical findings of software analysis corrections 

and the incidence of false positive events.  

 

4.6.2 Data analysis: FISH with Locus Specific 17p12 Probe 

I have utilised a similar analysis strategy for the detection of SureFISH 17p12-

OrangeRed signals. The key differences were: 

 Analysis of the specificity of 17p12 FISH signals with control CEP17 FISH 

signals (i.e. co-localisation of spots as visualised in the image gallery) 

 Spot count ratio analysis (i.e. CLL versus T-cells) for CLL cases (Chapter 3).  

I have shown that the majority of cells have detectable hybridised 17p12 

signals co-localised to CEP17 control signals based on visual confirmation. In 

contrast to CEP analysis, the spot-count algorithm was unable to reliably enumerate 
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signals due to low florescence intensity. This was due to suboptimal signal to noise 

ratio utilised in the peak masks, in turn based on the detection limits of the instrument 

as discussed in Section 4.4. This was evidenced by fluorescence intensity analysis 

showing that all 0, 1, 2, 3+ spot events have the “same” fluorescence intensity range. 

Visual inspection of each classified category in the spot count plot reveals that the 

software may count 2-dim spots as “one spot” or very dim 1- or 2-spots as “0-spots”, 

and brighter 2-spots maybe counted as “3+spots”. Overall the majority of cells 

enumerated by the software were determined to be accurate for the normal genotype 

based on visual inspection of the observed signals (very few unhybridised, 1-spot or 

3+spot events) and normalisation of the “broader” spot count profiles. 

Overall the CEP and 17p12 healthy normal blood findings demonstrate the 

value of standardised quantitative analysis software as well as the importance of being 

able to visualise all images of events. This highlights the accuracy and precision of 

FISH analysis that can be achieved with the immuno-flowFISH methodology. 

 

4.7 Immuno-flowFISH Methodology is Optimised 

 

The results of the work outlined in this Chapter have led to an optimised 

immuno-flowFISH method. The conditions required for immunophenotyping, fixation 

and permeabilization, FISH probe labelling, sample acquisition and data analysis had 

all been optimised. This was a large piece of work and took 2 years to achieve. The 

outcome was a single integrated method that enables FISH to be performed on 

antigenically identified whole cells in suspension with automated imaging flow 

cytometric analysis. This had not previously been achieved.  

The reason this work took so long was because there were major gaps in 

knowledge prior to the commencement of this work. Specifically, this related to the 

effects of FISH processing on cellular immunophenotyping and cellular integrity. 

Through addressing these technical challenges, a methodology that enables FISH to 

be performed on thousands of immunophenotyped cells in suspension, automated by 

the capabilities of IFC was established. This is a major technical advance and required 

the following validations:  

 Ensuring cellular antigens of interest were not lost (i.e. order of methodology) 
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 Minimising cell disruption or damage to cells in suspension by collectively 

validating method variations (i.e. fixation, cell membrane permeabilisation 

and DNA denaturation) 

 Maximising cell yield to ensure sufficient cells were available to analysed 

 Antibody panel design to ensure reliable immunophenotyping of specific 

subpopulations from background, necessitating the validation of different 

antibody combinations and fluorophore chemistry 

 Selection of antibody-fluorophore combinations specific to CD3, CD5 and 

CD19 lymphocyte subsets suitable for clinical application 

 Implementation of cell surface cross-linking stabilisation to ensure antibody 

binding was not compromised throughout the FISH protocol 

 Development of a post-fixation strategy applicable for immunophenotyping 

and FISH 

 Development of a pre-hybridisation DNA denaturation strategy applicable for 

immunophenotyping and FISH 

 Selection of FISH probe to ensure it was of sufficient size to give a detectable 

signal above background 

 FISH probe hybridisation conditions, including time, temperature and buffer 

composition 

 Instrument conditions and software features and masks to utilise for robust 

data analysis 

 Diagnostically relevant panels consisting of up to three antibodies and two 

probes can be applied for clinical application. 

All of this required optimisation of technical procedures, selection of stable 

antibody-fluorophore and the most applicable probe combinations, tailored to the 

most appropriate instrument settings and software analysis template. Overall the 

optimisation of the immuno-flowFISH methodology was achieved through exercising 

a combination of key technical and analytical flow cytometry principles with broader 

experimental parameters related to FISH. Healthy whole blood optimisation has 

provided robust development of a quantitative multi-parameter morphology-
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immunophenotype-genotype immuno-flowFISH methodology for assessment at the 

single cell level. This work established the immuno-flowFISH “protocol”. It was 

sufficiently well standardised to take from the test platform of normal blood to 

evaluating on neoplastic cells of haemopoietic lineage. Chapter 3 described how this 

assessment was performed on CLL for numerical and structural chromosomal defects 

of prognostic significance. In Chapter 5 I will discuss some of the technical and 

clinical aspects that emanated from immuno-flowFISH on CLL, and the potential for 

application to otherother HM.  
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Chapter 5: Discussion 2. 

Translational Immuno-flowFISH 

Validation for Clinical 

Application 
 

5.1 Immuno-flowFISH for Haematological Malignancies 

 

The diagnostic paradigm of leukaemia involves holistic WHO based 

evaluation of morphology, immunophenotype and genotype utilising multiple test 

modalities. Integrated reporting of all three of these components derives precise 

knowledge about the complex biological state of neoplastic cells that is essential to 

clinical stratification and management of disease at an individualised level. The most 

important tests used for CLL assessment are currently morphological examination, 

flow cytometry and slide-based FISH (with new data coming from genomic analysis). 

The quantitative power of flow cytometry enables the monitoring of disease-

associated phenotypes and clonal stratification to diagnose disease subtypes of clinical 

significance. FISH provides indispensable predictive prognostic value through the 

detection of cytogenetic abnormalities that drive risk adapted therapeutic management 

and decision-making. 

The novel immuno-flowFISH methodology that I have developed is an 

innovative culmination of the most important diagnostic tests, combined with the 

revolutionary technological developments of IFC. This is a world first invention of a 

high-throughput integrated morphology-immunophenotype-genotype method that can 

analyse thousands of whole cells in suspension in a single automated IFC test. 

Specifically, this method enables automated and quantitative chromosomal FISH 

analysis in 10,000-100,000 whole cells identified by immunophenotype with the 

ability to visualise all parameters in all acquired events. Following the development 

and optimisation on normal PBMC, I applied immuno-flowFISH to CLL as proof-of-
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concept as a diagnostic tool for haematological malignancies. This confirmed the 

ability of immuno-flowFISH to detect two prognostically important chromosomal 

changes in CLL. It also demonstrated the sensitivity, specificity, accuracy and 

reproducibility of the method. This chapter highlights the capabilities, key principles 

and technical advancements enabled by the automated immuno-flowFISH 

methodology for CLL assessment.  

 

5.2 Immuno-flowFISH of CLL: Detection of +12 and 

Del(17p) 

 

As discussed in Chapter 1, FISH is critical in prognostic stratification of CLL. 

This is performed on nuclei of interphase cells on glass slides. The limitations of this 

method are [12, 38, 42, 50, 56]: 

 Up to 200 cells are analysed 

 Only counterstained nuclei are assessed 

 Nuclei of neoplastic cells cannot be differentiated from normal cells in the 

sample 

 Neoplastic cells are not positively identified 

 Fluorescence microscopy is used with manual interpretation  

 Requires significant technical expertise and cytogenetics accreditation  

 The positive cut-off is quoted as five-seven positive nuclei (de facto for cells) 

per 100 cells 

 FISH cannot be used for disease monitoring 

These limitations can be overcome with immuno-flowFISH. Table 22 shows 

the advantages and disadvantages of immuno-flowFISH over “traditional” interphase 

FISH. These have been demonstrated in the assessment of +12 and del(17p) in CLL. 

The ability to directly visualise whole cells, cell immunophenotype and FISH 

probe signal with immuno-flowFISH is seen as a major advantage. This enables direct 

detection of the chromosome under study in immunophenotyped cells of interest. 
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FISH signals can be identified in CLL cells based on the CD5/CD19-positive 

immunophenotype and distinguished from CD3/CD5 T-lymphocytes. This enabled 

measurement of a number of parameters: 

 Identification of the FISH signal in specific cell populations 

 Determination of the percentage CLL cells with an abnormal FISH signal 

 Determining the mean spot count of CLL cells  

 Determining whether there were CD5-negative B-cells with abnormal 

FISH signals, indicating intra-tumoural heterogeneity in CD5 expression 

 Establishing a spot count ratio of CLL compared with normal control cells 

(i.e. CLL / T-lymphocytes) 

Multi-parametric detection utilising seven channels of the ISX MKII 

consisting of at least three-color cell surface markers, dual-DNA FISH probes with 

nuclear DNA stain and cell morphology by brightfield highlights the diagnostic 

potential of immuno-flowFISH for CLL assessment. Proof of principle evidence were 

demonstrated through routine +12 cases identified by CEP12 probe and del(17p) 

cases by CEP17 and 17p12 probes, with CD19/CD3/CD5 markers. There was 100% 

concordance for all chromosome 12 and 17p for all 60 CLL cases studied.  

 

5.2.1 CLL +12 Detection by Immuno-flowFISH 

There were 12 CLL cases with +12. The number of cells analysed in this cohort was 

10,000-20,000 with the percentage of +12 cells ranging from 0.1 – 46%. The lowest 

number of cells with +12 was 0.1% (or 26 cells with three CEP12 spots). The normal 

T-lymphocytes and CLL (42/60 cases) with disomy for chromosome 12 gave highly 

accurate and reproducible normal 2-spot patterns for CEP12. This correlates with both 

conventional diagnosis and normal cell biology. It was of interest that CLL with +12 

showed heterogeneity on the number of trisomic cells. CLL subpopulations containing 

three copies of chromosome 12 ranged from 0.1-45.5%; the remainder of cells had 

normal 2-spot pattern. In all CLL +12 cases the spot count ratio was >1. 
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Table 22. Comparison of standard interphase slide FISH versus immuno-flowFISH for +12 and del(17p) CLL assessment. 

Methodology Advantages Disadvantages 

Interphase slide 

FISH 

 

 

Diagnostic test for all structural and numerical chromosomal 

abnormalities analysed within individual cells (can be visualised). 

WHO based cytogenetic stratification of chromosomal abnormalities 

e.g. CLL +12 and del(17p). 

Risk adapted therapeutic management at diagnosis. 

Detection of multiple probe/chromosomal abnormalities available. 

Manual assessment – laborious, slow and subjective. 

Only 100-200 cells (nucleated) are analysed. 

Low detection sensitivity (5-7%) and not suitable for disease 

monitoring after therapy or follow-up. 

Morphological and immunophenotypic evaluation limited or 

unavailable. 

Immuno-flowFISH 

 

 

High-throughput assessment of morphology, immunophenotype and 

genotype in whole cells (one test) with fast turnaround time. 

High detection sensitivity and specificity due to FISH analysis in 

phenotypically identified cells. 

>10,000 cells can be analysed and current limit of detection ≤0.1%. 

Analysis is automated and multi-parametric (standardised) i.e. 

quantitative fluorescence and image analysis guided by software. 

All events and parameters can be visualised. 

Integrated WHO specific assessment of immunophenotype and 

cytogenetic i.e. CD19+ CD5+ CLL +12 and/or del(17p). 

Small volume (<100uL) or low cell number utilisation. 

 

 

 

 

 

Quality control or in vitro diagnostic compliance pending. 
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Despite systematic analytical methods to compensate for non-specific probe 

hybridisation, there remained a small number (<0.5%) cells with 3-spots for CEP12 in 

cases that were not diagnosed as trisomy 12. There are a number of possible 

explanations. As previously discussed, all FISH based protocols have an inherent 

background of false positive and negative events due to variability in processing such 

that >90% in hybridisation efficiency is considered standard [142]. In the context of 

the more sensitive and automated quantitative immuno-flowFISH method, these non-

specific interactions of probe with cells are very sporadic and statistically 

insignificant in the interpretation of overall results. Another possibility is that there 

may be small sub-clones of CLL cells with +12 that have been undetectable by 

standard FISH. This requires further investigation to determine whether this is artefact 

or genuine low-level clonal heterogeneity. Regardless, as to whether this was ‘non-

specific’ FISH probe hybridisation or biological, the presence of this small percent of 

3-spot cells did not affect the data interpretation and correlation of true +12 CLL 

cases. This implies that this is unlikely to affect low-level disease or MRD stages as 

analysis is made in context of cell type. In contrast, if this is a true biological result it 

may indicate the applicability of this approach to detect increases in size of this sub-

clone in indicating relapse or disease progression. 

 

5.2.2 CLL Del(17p) Detection by Immuno-flowFISH 

As stated in Chapter 1, CLL del(17p) comprises 5-7% of CLL cases. In this 

study there were five CLL del(17p) cases. The percentage of del(17p) cells ranged 

from 3.5-22.8%. All of these cells had 2-spots for the control probe (CEP17) 

demonstrating that there were the normal number of chromosome 17, but the 17p12 

region was deleted (1-spot). This therefore confirmed that these were true cases of 

CLL del(17p). In fact all 10 CLL cases studied had 2-spot patterns for CEP17 in CLL, 

normal B- and T-cells. Spot count ratio analysis of del(17) cases showed clear 

distinction in the normalised number of spots within the CD19+ CD5+ CLL 

subpopulation versus the normal T-cell subpopulation for all cases (spot count ratios 

<1). Interpretation based on automated spot counting alone for the locus specific 

probe was suboptimal (due to limited fluorescence intensity analysis) and may 

mislead interpretation to false positive and negative events. By incorporating visual 
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interpretation of images together with automated spot-count ranges on phenotypically 

identified cells generated gave a more accurate cytogenetic status of specific cells. 

This highlights the need to include both the quantitative immunophenotyping and 

FISH assessment with visual imagery. This approach was best demonstrated in the 

calculation of spot count ratios, statistically normalised based on cell type and sub-

population size (i.e. CLL versus normal/T-cells) derived from operator visualised 

FISH signals directed by software automation. In other words, the software quantified 

FISH signals on cells of interest identified by immunophenotype, and the user 

visually inspected and verified the analysis. This improved the accuracy of 

identification of true del(17p) 1-spots in the background normal cells with true 2-spot. 

I found that the CLL/T-cell spot count ratios to provide a very useful approach to 

CLL cases with either +12 or del(17p) cases. A spot count ratio of >1 was seen with 

+12 (range = 1.089 - 1.362) and <1 due to deletions in del(17p) (range = 0.961 – 

0.862) depending on the number of genetically abnormal cells. The results were, as 

shown, accurate to 3 decimal places due to the number of events analysed. This gives 

capacity for spot count ratios to be used to detect rare events for residual disease 

monitoring. 

 

5.3 Additional Value of Immunophenotyping in FISH 

Analysis of CLL 

 

Immunophenotyping is well known to increase the sensitivity of detection of 

abnormal chromosomes by FISH. This is best exemplified by FICTION, a combined 

immunohistochemistry and FISH method used on tissue sections to positively identify 

cells of interest by immunophenotype for FISH analysis [12-14, 49, 143]. Immuno-

flowFISH uses the same principle: the addition of antibody labelling highlights the 

cell of interest for FISH analysis. Immunophenotyping increases the sensitivity and 

accuracy of the result as the chromosomal change will only be assessed in the 

phenotypically-identified cell of interest (in this case, CLL cells). The background 

normal cells will be excluded from the analysis. However, as stated above they can be 

used to generate the spot count ratio, a valuable screening tool.  



187 

 

In this work I have utilised a 3-antibody panel for CLL. The antibodies were 

specifically chosen to enable normal cells to be distinguished from the neoplastic 

CLL, based on co-expression of CD5 and CD19. It is possible to alter the antibodies 

in the panel (e.g. include CD23, CD200 or immunoglobulin light chains), or increase 

the number of antibodies. Although not investigated in this study, it is envisaged that 

up to six antibodies could be used to identify neoplastic cells. These strategies may be 

required if the diagnostic phenotyping panel has highlighted specific alterations in a 

patient’s disease, or if a patient’s disease profile has altered following therapy. In 

other words, the antibody panel can be personalised to the case under investigation.  

As outlined previously, a 2-color panel consisting of CD19/CD5 alone, is 

unsuitable for the detection of MRD by flow cytometry. Most international protocols 

require a minimum of 4-colors to be reproducible and have sufficient minimum 

sensitivity (10-4 if enough cells are analysed) for MRD detection of CLL by flow 

cytometry [8, 22, 25, 28, 29, 36, 84]. Because of the addition of FISH, the immuno-

flowFISH protocol has the potential to increase the MRD sensitivity with a smaller 2- 

or 3-antibody panel. This is because the immunophenotype together with the 

chromosomal changes are used (in a single test) to detect low level disease. Therefore, 

a significantly smaller antibody panel may suffice together with the relevant FISH 

probe/s. This is enabled by the detection of cytogenetic abnormalities through the 

FISH analysis component, which adds specificity to phenotypic analysis at a 

neoplastic clonal level while simultaneously providing prognostic information. In 

addition to the rapid acquisition of sufficient numbers of cells comparable to standard 

flow cytometry, utilising morphological parameters and the ability to visually confirm 

all acquired events provide further diagnostic accuracy and precision for robust MRD 

analysis by immuno-flowFISH. 

Proof of the value of this approach was demonstrated for one specific case, 

described in Chapter 3 (section 3.5.3). This case demonstrated the capacity for 

immuno-flowFISH to detect low-level (residual disease) and provided a preliminary 

assessment on the sensitivity or limit of detection. This case of CLL, previously 

diagnosed as +12 by standard slide-FISH was acquired as a routine follow-up sample 

post-treatment. The patient had a normal blood count and standard flow cytometry 

showed <2% clonal CD19+ CD5+ cells. Immuno-flowFISH performed on 10,000 

cells in this sample gave a spot count ratio of 1.104 with 21% (9 cells of the total 
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CD19+ CD5+ CLL population of 43 cells) having 3 CEP12 spots or +12 (0.09% +12 

CLL cells). This example demonstrates the sensitivity and potential for immuno-

flowFISH to detect low level disease with a chromosomal defect. This is due to the 

enhanced sensitivity and specificity of detecting chromosomal changes in a large 

number of immunophenotyped cells using a combined approach of software guided 

statistical calculations of normalised spot counts, immunophenotyping and visual 

imagery to confirm the positive result.  

 

5.4. Automated Analysis of Immuno-flowFISH in CLL 

 

The sensitivity of immuno-flowFISH comes from a combination of automated 

high throughput analysis of thousands of cells, quantitative analysis using IDEAS 

software and visual interpretation of the captured digital images of each cell. In this 

section I will comment on the quantitative automated assessment and visual imagery 

analyses undertaken. 

 

5.4.1 Quantitative Analysis 

A major feature of immuno-flowFISH is the automated quantitative analysis 

coupled with visual verification. All data generated by the ISX is digital and readily 

achievable for subsequent review. The data is stored on computer (i.e. analysis 

terminal) and available for immediate or subsequent analysis using the proprietary 

IDEAS software. The features within the software generated the following data for 

CLL: 

 Machine quality control and calibration records (e.g. laser performance) 

 Date and time to capture the cells 

 Total number cells captured 

 Mean fluorescence intensity 

 Gated cells based on immunophenotype 

 Compensation matrix 
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 Parameters of software guided features and masks (image analysis) 

 Analysis templates combining fluorescence and image analysis 

 Percentage cells with CLL immunophenotype with 0, 1, 2, 3 or more spots 

 Fluorescence intensity of spot counts to confirm true 2-spots or 3-spots 

Data files of previously studied cases are stored in listmode. These are 

available for reanalysis or addition of new parameters. They can also be reanalysed by 

future revisions or software upgrades. There is also the possibility of improved 

software-automated analysis and machine learning for disease associated features or 

patterns.  

 

5.4.2 Visual Imagery 

The ability to capture high-resolution digital images, perform software 

automated morphometric analysis and directly visualise all parameters with spatial 

context in all events is a significant advantage over standard MFC. Pre- and post-

automated analysis of all digital data can be reviewed manually to verify results 

visually (i.e. true spot counts classified by software) and to also optimise analysis 

strategy based on application or clinical question. The analysis of the CLL cases 

clearly demonstrated the additional value of the digital images over the IDEAS 

software alone. Inspection of the cell image galleries improved the accuracy of 

detection of chromosomal alteration. Specific examples were determining whether the 

FISH spot was truly nuclear or non-specific probe bound to the cell, and, detection of 

small spots and 17p in particular due to the small probe size. Through the study it 

became clear that it was crucial to review the digital images and to not rely on the 

software alone.  

While overlapping spots can be corrected by quantitative fluorescence 

intensity analysis, this can only occur if FISH signals are of sufficient intensity for the 

instrument/software to generate a normalised fluorescence distribution correlated to 

spot count. As fluorescence intensity analysis is only relative to the cells acquired, 

absolute enumeration of the number of probe spots bound per cell is not possible.           

Therefore, if the predominant genotype is unknown (i.e. lack of a standard or normal 

background of cells) then fluorescence intensity quantification by flow cytometry 
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alone cannot provide an accurate spot-count. This may be more evident in samples 

that contain cells with an identical (unknown) genotype or if the number of cells that 

contain the genotype is heterogeneous. Rare cells containing a genotype of interest 

may also be missed if the normal background fluorescence intensity is high. Visual 

confirmation of del(17p) CLL events enabled verification of automated spot count 

output and true-spot count accuracy. Furthermore, digital images are information rich 

as they contain thousands of metrics that can be re-analysed with more sophisticated 

software based on future machine learning which can improve cellular analysis and 

disease detection [47, 89, 90, 102]. 

Because visualising the cells was found to be essential, standard flow 

cytometers cannot be used for immuno-flowFISH analysis. The following is a list of 

essential components that are unachievable with standard flow cytometers:  

 Identify distinct staining patterns of fluorescent signals specific to cell 

immunophenotype compared to autofluorescence or debris  

 Provide direct measure of absolute spot counts by software image analysis and 

visualisation of FISH signals  

 Identify nuclear localisation of FISH signals to ensure hybridisation is specific 

 Identify and eliminate non-specific probe staining events (false-positives)  

 Visually verify fluorescent FISH signals hybridised to the nucleus with weak 

fluorescence that are undetectable by the instrument software quantitation 

 Confirm control and test FISH probe are both present within an individual cell 

(e.g. CEP17 and 17p) 

 All parameters quantified (i.e. cell surface and nuclear signals) can be 

visualised in morphologically representative overlay images at the single cell 

level  

These are very significant limitations and will preclude standard flow 

cytometers being able to be used for immuno-flowFISH. The digital images are a 

crucial element of the test interpretation. Without the images, the data generated will 

be inaccurate with both false positive and false negative results.  
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5.5 Advantages of Immuno-flowFISH for Leukaemia 

Assessment 

 

The results achieved with CLL with +12 and del(17p) assessment have clearly 

demonstrated that immuno-flowFISH has potential for clinical application. This is 

because it offers many advantages over current “gold standard” FISH on a slide. The 

advantages include, some of which are described in more detail: 

 Sample preparation  

 Only viable intact whole cells analysed 

 Number of cells analysed (1,000x more than FISH) 

 Immunophenotype increases specificity of analysis 

 Automation 

 Quantitative analysis 

 Limit of detection 

 Turn around time 

Sample preparation and volume: Immuno-flowFISH sample preparation is 

analogous to standard flow cytometry. It only requires 4ml EDTA-anticoagulated 

blood or bone marrow and a minimum of 5x106 cells. Fresh cells are used and these 

can be readily isolated and prepared without excessive resource requirements. Cell 

labelling and acquisition and analysis can be done rapidly in a similar manner to 

standardised diagnostic flow cytometry. Specifically, immuno-flowFISH does not 

require prior cell sorting or cell culture (e.g. 2-step FACS cell sorting approaches) 

[52, 67, 73, 74, 144, 145]. 

Number of cells: I have shown that automated immuno-flowFISH can rapidly 

detect at least one genotypically abnormal leukaemic cell (based on 

immunophenotype) in 1,000 (0.1%). This presents several major technical advances 

over current cytogenetic testing modality in terms of quantitative power. With several 

thousand more cells analysed quantitatively in suspension, distinguished by 

immunophenotype, the sensitivity far exceeds current manual slide based FISH 



192 

 

testing methods with a sensitivity of one cell in just 20 (5-7% positivity) [56]. This 

increased level of sensitivity offers the potential for use in disease monitoring and 

residual disease detection, something not achievable with FISH. Due to the large 

number of cells analysed (>10,000 per analysis) and the potential to acquire greater 

number, the overall statistical distinction of true +12 and del(17p) sub-clones is 

robust. Therefore false positive and negative events are very unlikely due to the 

enhanced sensitivity and specificity derived from FISH analysis of statistically large 

number of cells of interest. 

Phenotyping increases specificity of FISH results and limit of detection: The 

incorporation of immunophenotyping to FISH analysis of haematological samples is 

novel. Automated flow-FISH of cells in suspension (IS-FISH) was previously 

reported [34]. With the addition of antibodies to identify the cells of interest improves 

both the false positive and negative rates. The inherent incidence of false positive 

events can affect FISH detection accuracy and precision on small numbers of cells 

with the cytogenetic abnormality (i.e. 0.1%), leading to overestimation. This is due to 

the inability to precisely define cells of interest that are diagnostically specific to the 

abnormality and therefore small numbers of true-positive cells, if present, may be 

obscured by the “false positive background” of normal non-malignant cells. 

Therefore, this will require acquisition of larger number of total events to offset the 

propensity for false-positive events for residual disease scenarios for ongoing 

monitoring. This may not always be possible depending on sample availability and 

quality with most cytogenetic abnormalities not specific to one disease subtype or 

clone. As described above, immuno-flowFISH analysis has demonstrated the capacity 

to overcome the problem of false-positives by enabling FISH analysis on specific 

cells identified by immunophenotype (i.e. neoplastic clones) where true-positive 

events are in statistical abundance. The false negative rate is also reduced as the 

denominator (number of cells assessed) is restricted to those that have the 

immunophenotype of interest. In other words, normal cells are excluded from the 

FISH analysis. This reduces the false negative rate and increases the accuracy of the 

result; only the leukaemia cells that have the chromosomal defect are reported. 

Test turnaround-time: The total time to perform the full immuno-flowFISH 

protocol is less than two days. Testing is performed on fresh cells from routine 

peripheral blood samples. The first phase of cell preparation, antibody labelling and 
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post-fixation followed by cell permeabilisation can be completed in five hours. 

Subsequent overnight probe hybridisation incubation (24-30 hours) is followed by 2-3 

hours to finalise sample preparation, acquire data and analyse. This turn-around-time 

is at least as good as, if not faster than, standard slide-FISH performed in the 

diagnostic setting (around three days). However standard FISH commonly has a 

longer turn-around-time due to sample backlog as a result of staff issues. This is 

because of requirements for trained personnel for manual interpretation of FISH [5].  

In addition, batch testing, acquisition and analysis of samples is possible for 

immuno-flowFISH. As cells are fixed, they do not need to be immediately analysed if 

appropriately stored (adhering to the conditions for flow cytometry testing of stored 

fixed cell suspensions) so that processing can be delayed at any stage after fixation 

[53, 86, 87, 121]. This may be particularly useful when staggering for instrument 

availability or opportunities for simultaneous standardised acquisition of many test 

samples. Furthermore, since analysis is automated and standardised to a software 

template, so many collected data files can be analysed in short time. Overall immuno-

flowFISH has the potential to alleviate laboratory output pressure (time and 

resources) and backlogging. 

 

5.6 Immuno-flowFISH can Detect Intra-Clonal 

Heterogeneity  

 

One of the novel findings from assessing CLL samples was that there is intra-

clonal heterogeneity within the CLL population that may not have been evident on 

standard FISH analysis. It has been a long-standing central dogma that the biology of 

each individual cell is governed by the flow of information from DNA to RNA to 

protein. Therefore, multiple combinations of disease states may exist when one or 

more components of this pathway can change independently between implicated cells 

constituting disease biology and behaviour. This underpins the concept of clonal 

evolution/transformation and the presence of multiple inter-clonal and intra-clonal 

neoplastic subpopulations, which can independently drive treatment resistance, 

relapse and change clinical outcome (i.e. prognosis and refractoriness) after initial 
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diagnosis. This has been highlighted by the analysis of thousands of cells per case by 

immuno-flowFISH. Three examples are described. 

 

5.6.1. Heterogeneity in +12 clonal expression:  

Immuno-flowFISH data analysis used gating to identify CD5 to distinguish 

normal CD19-positive cells from CLL. It was of interest that in CLL with +12 that: 

1. Not all CD19/CD5-positive CLL cells harbour +12 (range 24 – 81%), and,  

2. Not all cells with 3 CEP12 spots (+12) expressed CD5. In other words, some 

cells initially thought to be normal B-lymphocytes due to lack of CD5, had 

+12 implying they were of the neoplastic population. This demonstrated that 

CD5 expression was heterogeneous in CLL +12. 

These variations may be due to the disease biology, but may also be a post-

therapy effect (since both diagnostic and treated patients were included in the study) 

[16, 24, 65, 75, 76, 92]. Antigenic drift may also be a feature of disease progression or 

transformation. Hence sequential monitoring by immuno-flowFISH may be useful to 

detect changes in both immunophenotype and genotype. The data could be applied to 

detect clinically relevant differences between patients such as biology, disease 

subtype (e.g. prognostic group) or stage of progression, the presence of additional 

genetic abnormalities and the type of therapeutic management employed.  

 

5.6.2 Heterogeneity in CLL with Del(17p)  

In CLL with del(17p) there was also a range in the percentage of CLL cells 

with the deletion. The range varied from 3.5 – 23% CLL cells. The lowest detectable 

was 3.5% in a case following therapy. The ability to detect these small sub-clones 

with del(17p) is clinically important, and beyond the capability of slide-based FISH 

(limit of detection seven positive cells per 100 analysed). In the context of del(17p) 

specific cases, Rossi et al. (2013) has provided evidence that even very small TP53-

mutated and del(17p) sub-clones present pre-treatment with FCR are associated with 

very poor prognosis and are inevitably seen to expand to be the predominant 

population at disease progression[61, 66]. It remains poorly elucidated in the extent of 
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how small del(17p)-deleted sub-clones compare to larger sub-clones of truly clonal 

del(17p) populations in terms of prognostic impact. Therefore, ongoing routine 

disease monitoring post-diagnosis and treatment of patients remains essential for 

clinical management. This enables early detection and prediction of disease 

progression (i.e. the emergence of mutated sub-clones and residual disease) to adapt 

therapeutic intervention, e.g. front line FCR treatment or beyond the standard of care 

with novel targeted therapies such as Ibrutinib. 

 

5.6.3 An Interesting CLL Case 

To further highlight the heterogeneous nature of CLL, immuno-flowFISH 

detected a rare case that presented with atypical immunophenotype and genetics. This 

was initially diagnosed by conventional diagnostic testing as CLL with del(17p) with 

neoplastic cells expressing the CD19+ CD5+ immunophenotype. Over the clinical 

course of the disease and treatment, a new population of neoplastic sub-clones arose 

that replaced the main neoplastic population over time that did not express the CD5 

immunophenotype and had doubling of all chromosomes (i.e. tetraploidy) including 

duplication of remaining 1-spot del(17p) signals remaining on chromosome 17 pairs. 

This was specifically confirmed by immuno-flowFISH in a single test interrogated on 

a follow-up sample, which identified sub-populations of normal T-cells, B-cells and a 

small, aberrant sub-population of cells that were tetraploid (four CEP17 signals) and 

17p deleted (two 17p12 signals localised to a pair of CEP17 signals) and did not 

express CD5; and were morphologically larger compared to normal cell populations 

as represented in the image galleries. This result highlights that integrated multi-

parametric analysis using specific FISH probes, cell surface markers and the ability to 

visualise morphometric parameters enables distinct and precise stratification of 

disease heterogeneity even for extreme and rare cases of disease. 

 

5.6.4 Immuno-flowFISH for Detection of Sub-Clones in CLL  

The presence of highly variable or distinctly different sub-clones may reflect 

biological stages of disease progression or remission in response to treatment or the 

age of specific clonal populations collectively and individually in situ (i.e. acquisition 



196 

 

of new mutations or duration in circulation). Due to the variable nature of clonal 

evolution, different clonal populations or sub-clones can arise during clinical course, 

which may have been initially absent at first diagnosis or prognostication. This is 

supported by numerous studies reporting on multiple neoplastic “sub-clones” 

coexisting within the CLL population, which have arisen from clonal populations 

harbouring different genetic aberrations or acquisition of additional abnormities[16, 

61, 63, 64, 66]. Specifically cases in keeping with immuno-flowFISH data, small sub-

clones independently emerging in CLL +12 may consist of BCL2 translocations (e.g. 

t(14;18)(q32;q21) or t(2;18)(p11.2;q21)) and deletions of TP53/del(17p), usually 

consisting of 0.5-7.5% of cells [43, 64-66]. These sub-clones are associated with 

disease progression or relapse and can therefore present as independent risk factors or 

prognostic outcomes [43, 61, 64-66, 75, 93]. Specifically, patients with >60% of cells 

with +12 had a worse outcome in terms of overall and disease-free survival. The 

emergence of del(17p) in these cases is of particular note as it is a strong predictor of 

refractoriness to treatment and poor survival [61, 64, 66].  

In light of current literature and gaps in the clinical understanding of 

heterogeneous disease biology, the current data demonstrates that immuno-flowFISH 

has the capacity for the study of disease biology, clonal evolution and sub-clonal 

architecture at a multi-dimensional single cell level. Immuno-flowFISH allows the 

differentiation not only of normal cells and neoplastic populations but also detection 

and monitoring of sub-clonal populations throughout the natural history of the 

disease. Specifically, routine monitoring of genetic changes, disease transformation 

progression (i.e. clonal evolution or genomic shift) leading to changes in neoplastic 

cell biology or behaviour (i.e. immunophenotype, ploidy, apoptosis and cell cycle) at 

any stage of disease. Therefore, immuno-flowFISH has the potential to advance 

clinical decision-making related to the timing or choice of risk adapted therapeutic 

approaches (e.g. early intervention of appropriate targeted therapy and allogeneic 

haemopoietic transplantation) and improve overall survival outcomes for patients with 

CLL.  
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5.7 Further Clinical Validation of Immuno-flowFISH for 

CLL  

 

The data to date demonstrates the capability of the method and the advantages 

over traditional FISH for the analysis of CLL. More work is still required prior to 

translation to clinical diagnostic practice. This includes: 

 Increase number of samples of the most prognostically significant and 

clinically relevant subtype of CLL del(17p) cases to further preliminary 

assessment of clinical utility of the method  

 Compare blood and bone marrow samples 

 Sequential studies with longitudinal analysis of individual patients pre- and 

post-treatment  

 Compare FISH data pre-treatment and at relapse. Specifically, to determine 

whether there was low level del(17p) at diagnosis that was beyond the limit of 

detection of FISH (i.e. <7% cells)  

 MRD monitoring of del(17p) positive patients will provide valuable 

evaluation on the limit of detection and diagnostic precision of immuno-

flowFISH testing for disease monitoring  

 Determine the clinical level of sensitivity and specificity (current confirmed 

limit of 1 in 1,000 cells), detect clonal del(17p) subpopulations and sub-clones 

of potential prognostic significance (i.e. undetectable by standard slide-FISH). 

These studies will provide further evidence as to whether immuno-flowFISH 

can guide or predict earlier and enhance therapeutic decision making to improve 

patient outcomes. Specifically, definitive clinical thresholds need to be established on 

larger prospectively collected samples. In this approach, all standard diagnostic 

laboratory tests (i.e. flow cytometry and slide-FISH) will be performed on all samples 

acquired at diagnosis and follow-up. Access to this clinical data will provide 

translational validation and quality assurance of immuno-flowFISH to further add 

statistical power to the clinical application of spot count ratio analysis. This will 

enable the calculation of the sensitivity and limit of detection of the assay, alongside 

positive and negative predictive values to establish reproducible, statistically robust 
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reference ranges. This will contribute to the determination of appropriate cut-off 

values and more objectively distinguish between loss and gain of chromosomal 

material to standardise analysis for clinical interpretation. In addition, cell-

spiking/titration experiments with immortalised cells lines of known cytogenetic 

abnormality and del(17p) samples in healthy normal cells may supplement the 

evaluation of limit of detection of immuno-flowFISH. Overall this will validate, by 

extension of the prospective CLL cases analysed to date in this study (n = 60), the 

applicability of immuno-flowFISH to guide clinical decision-making (i.e. disease 

monitoring and therapeutic management) and investigation of rare neoplastic sub-

clones of prognostic significance. 

 

5.8 Further Technical Developments of Immuno-flowFISH 

for CLL  

 

To date I have validated two immuno-flowFISH panels for CLL. Both have 

been 3-antibody panels with different fluorophore configurations. Going forward 

larger panels and different antibodies need to be assessed. I have made promising 

progress in expanding to 4- and 5-antibody panels; if achievable these will further 

improve the cell identification component of the test and enable sub-populations to be 

identified (e.g. CD38-positive CLL cells). Alongside this, further analysis needs to be 

undertaken to determine whether the commercially available fluorophores (e.g. 

Brilliant dyes) are suitable to the protocol. Therefore, additional antibodies (including 

clone), FISH probe and combinations and fluorophores all need to be evaluated using 

the current template for further development and validation.  

Currently, the ISX MKII platform can provide an additional five fluorescent 

channels for the detection of cellular antigens (i.e. antibody) or genotype (i.e. DNA 

probe). This in-built versatility of the protocol and platform allows the incorporation 

of more biomarkers and parameters for cellular analysis and clinical interpretation. 

Additional cell surface markers related to identification (e.g. CD20, CD22, CD23, 

kappa, lambda) and prognostication (e.g. CD38) could be incorporated into the panel 

to further increase sensitivity and specificity for clinical stratification of CLL based 

on immunophenotype [28, 29, 36].  
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The incorporation of multiple probes in one test (i.e. in addition to CEP12, 

CEP17 and TP53/17p probes) will enable the complete prognostic and risk 

stratification of CLL cases at diagnosis. Currently the Vysis CLL FISH Probe Kit 

identifies 13q-, +12, or normal genotype CLL group versus the 11q- or 17p- poor 

prognosis group which would significantly enhance clonal evolution analysis by 

immuno-flowFISH analysis. The latest technologies related to amplifying smaller 

probe signals for enhanced resolution and instrument detection could be incorporated 

similar to the QuantiGene or PrimeFlow (Affymetrix) RNA probe reporter 

amplification kits. This may enable more suitable detection of small DNA probes as 

observed for 17p12/locus specific signals by the ISX MKII platform to allow for more 

quantitative enumeration of spot-counts. These amplification kits may overcome 

previous detection threshold limits of the instrument and in turn enable the potential 

for detection of even smaller signals such as RNA probes (i.e. as demonstrated in 

flow cytometry) to expand to another modality/parameter for greater application to 

cell biology analysis.  

Further improvements in hardware in the next generation of instruments 

currently under development are likely to enhance the detection of all current 

parameters as well as new technical capabilities. Software upgrades are also 

anticipated which should increase the sensitivity of detection of small fluorescent 

probe signals (i.e. <100kb). In the meantime, the current protocol has been modelled 

on current diagnostic panels for standard flow cytometry antibodies (i.e. Euroflow 

selection of markers/clone) and DNA probes (i.e. diagnostic quality controlled CLL 

detection kits) used in routine clinical practice. This will serve the basis for further 

development of the immuno-flowFISH method into a diagnostic kit suitable for global 

diagnostic adoption. 

 

5.9 Immuno-flowFISH Testing in the Clinical Setting and 

Impact 

 

This project was driven by the capabilities of the ISX MKII imaging flow 

cytometer platform to enhance diagnostic assessment of leukaemia. This objective has 

led to the development of a highly quantitative, integrated automated IFC method that 
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enables the detection of abnormal chromosomes in immunophenotyped leukaemia 

cells for clinical application. Proof of this principle has been demonstrated for CLL, 

the most common leukaemia in the Western world, as a disease model. The studies I 

have described give evidence that clinically significant chromosomal abnormalities 

can be detected with high sensitivity, specificity, accuracy and reproducibility. The 

next steps are to expand the testing to greater numbers of cases, different clinical 

scenarios and a broader range of diseases to deliver the technical and systemic 

advantages described. We plan to: 

1. Test the methodology in other laboratories nationally and internationally 

2. Translate this method from the “bench to bedside”  

3. Incorporate immuno-flowFISH into clinical trials 

4. Expand the test repertoire to other haematological malignancies 

5. Determine whether immuno-flowFISH can be applied to solid tumours; either 

cell suspensions from extracted tissue, or, circulating tumour cells.  

To further validate the immuno-flowFISH method for diagnostic feasibility, 

utility it is imperative to beta test the protocol in other laboratories. This will ensure 

the method can be performed in other facilities and other personnel following 

appropriate training. This will also assess the level of standardisation in instrument 

performance across multiple centres in addition to diagnostic laboratory feasibility 

and clinical utility. Overall, collaborating clinical centres will serve to accelerate the 

validation of this method for diagnostic compliance and quality control (i.e. National 

Association of Testing Authorities or NATA). It is anticipated that in addition to the 

technical advances over competing methods as discussed previously, immuno-

flowFISH will provide significant systemic improvements to clinical management 

while still retaining familiarity in the clinical parameters for testing. The latter point 

will grant immediate streamlined adoption and utilisation of this method in the 

clinical setting.  

Once the method has been standardised in different locations with different 

users the method will need to be approved for clinical application. It will then provide 

a unique opportunity to be evaluated in large, uniformly-treated patient cohorts (e.g. 

clinical trials). It could be assessed for its value at diagnosis, follow-up and residual 

disease monitoring and in multiple centres. This will generate invaluable data related 
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to the clinical sensitivity, specificity, accuracy and reproducibility compared to 

standard methods and, most importantly, add value to patient care.  

Immuno-flowFISH could be a paradigm change in leukaemia testing. It will 

increase the sensitivity of current FISH tests, reduce the turn-around-time and 

requirements for manual labour. It will be more efficient and cost-effective than 

current test modalities. It conforms to the WHO classification necessitating 

integration of tests for the clinical management of leukaemias. It has the makings of a 

standardised test (i.e. analysis automation and diagnostic panels) which will generate 

clinically reproducible, normalised and comparable results. This “three-in-one” 

single, rapid and automated test can generate clinical interpretation in less than two 

days compared to the conventional triage of tests (i.e. individual flow cytometry and 

cytogenetic testing with morphology review) which may take up to a week to 

compose an integrated report. This presents the unique opportunity to bring together 

flow cytometry and FISH laboratories to maximise clinical information, productivity 

and efficiency. This refers to improving turn-around time for results and decreasing 

the use of resources and precious patient samples due multiple modality testing (e.g. 

discordant backlogs in processing and the generation of results/interpretation time for 

diagnosis between tests).  

By providing significantly faster, accurate, information rich, economical 

testing conforming to clinical standards will lead to better patient care (i.e. enhanced 

and timely therapeutic decision making) and reduced health care costs. Furthermore, 

immuno-flowFISH can, in turn, be used as a tool to test new drugs or therapeutic 

strategies and development of new drugs by providing accurate and precise 

cytogenetic/prognostic information in clinical trials.  
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Chapter 6: Future 

Directions and Concluding 

Remarks 
 

6.1 Future Directions 

 

Immuno-flowFISH methodology has immense potential as a diagnostic and 

monitoring tool for leukaemias and other cancers. This is a major technical advance 

that will improve patient care and our understanding of neoplastic cell biology. As 

chromosomal abnormalities and aberrant phenotypic profiles are implicated in many 

other types of leukaemia, cancers and genetic disorders (i.e. both blood and solid 

tumour based), this presents many potential applications for immuno-flowFISH. 

Many immuno-flowFISH antibody and probe panel designs are possible which can be 

tailored to the clinical or research application in question.  

Studies are already underway for other leukaemias, including paediatric acute 

lymphoblastic leukaemia and plasma cell myeloma. Different antibodies and probes 

are being assessed (i.e. numerical, structural (deletion) and translocation FISH 

probes). Approximately 50% of solid tumours are aneuploid thereby giving the 

possibility of extending immuno-flowFISH to these tumour types at diagnosis and for 

sensitive blood-based monitoring (the “liquid biopsy”). Cells can be extracted from 

tissue biopsies (as already performed for standard flow cytometry) and analysed in 

suspension. Other non-malignant potential applications include diagnosis of inherited 

genetic disorders with numerical chromosome abnormalities such as Down Syndrome 

(i.e. trisomy 21).  
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6.2 Concluding Remarks  

 

In summary, I have developed a world first immuno-flowFISH method that 

enables integrated in situ assessment of cell immunophenotype and genotype on 

thousands of whole neoplastic cells in suspension in a single automated test. It can 

rapidly acquire tens of thousands of cells and detect at least one neoplastic cell in a 

background of 1,000 normal cells based on automated fluorescence and image-based 

analysis. I anticipate that the multi-parametric quantitative power of this method will 

be immensely beneficial in the clinical setting as it offers unique advantages and 

addresses key limitations of conventional diagnostic methods (i.e. slide-based FISH). 

It has the potential to advance our understanding of malignant cell biology and 

clinical management of CLL and other haematological malignancies. Immuno-

flowFISH is a new automated flow cytometric FISH method that incorporates 

phenotypic cell identification. It can bring orders-of-magnitude improvements to test 

sensitivity and have significant impact on treatment decisions for patients with 

leukaemia. 
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