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ANTIBODY COMBINATIONS AND FLOW CYTOMETRY
This position paper results from discussions among the members of WP10 during dedicated meetings. Although sustained by the literature whenever possible, many of the statements in this document result form personal, often shared, experience of the participants. It does not propose mandatory approaches but rather offers hints and recommendations for proper handling of the countless types of antibody combinations.
1. Antibody combinations, general considerations for both acute and chronic leukemias
The development of increasingly sophisticated flow cytometry technologies, in terms of fluorochromes, detection and software has boosted the use of antibody combinations. Although they are theoretically not necessary to identify the basic features of blast cells in case of massive clonal infiltration, antibody mixtures have proven very useful to better delineate the blastic population in diluted or mildly infiltrated samples. With time, combinations have become more and more aimed at discriminating leukemic and normal cells, particularly in minimal residual disease (MRD) detection. On a more physiological side, they also prove useful to identify discrete cell subsets, i.e. to better delineate hematopoietic differentiation pathways.
Review of the literature and group discussions demonstrate that a large variety of combinations can be proposed, with 3 or 4 colours, more recently with 5 or 6 colours, and probably more in a near future. Only partial consensus can be found when comparing published information. This is even complicated by the fact that some combinations and fluorochromes are dependent on the type of flow cytometer or filter combinations used. 
Given all the technical considerations and drawbacks depicted in this document, it is important to stress that panels to be used should comprise validated combinations. 
One golden rule is that the same values should be obtained for a given subset and a given antibody whether the latter is used alone or in combination.
Therefore, although already prepared and validated mixtures may be interesting, it is important to be able to use mixtures of single reagents, in order : 
· to validate compensations

· to build up patient-specific combinations, 
· to mix antibodies from different companies, 
· to titrate reagents, 
· to set-up instruments, 
· to check aberrant results,
However, such procedures may require large volumes of antibodies.
Abnormal expression of normal antigens may be as important as coexpression patterns for MRD in acute leukemia, emphasizing the fact that the diagnostic panel should include the tube(s) proposed to be used for MRD detection. If combinations that are aimed at detecting various aberrant features are not used at diagnosis, it will dramatically increase the difficulty to create good follow-up panels. Ideally, and importantly, the diagnostic panel should also have been checked and tested on normal and reactive/regenerating bone marrow so that “normal” patterns are well identified. Some antigens are downregulated by therapy and may thus be less useful for MRD (1-3). For example TdT, CD34, CD10, CD58 and CD66c can be downregulated in MRD cells of childhood ALL under treatment, while CD45 and CD20 can be up-regulated. Conversely, CD38, CD99, CD22 and CD123 show a more stable expression (4) 
Of note, some specific combinations of antibodies and/or fluorochromes may be associated with unexpected results, due to steric hindrance or FRET (5). Moreover, the choice of fluorochromes for a given marker in a combination should take into consideration the density of its expression (i.e.the use of PerCP- or FITC-conjugates should be avoided in case of dimly expressed antigens).

2.Rationale for using combinations of multiple antibodies
2.1. Why perform multicolor immunophenotyping ?
As stated above, the identification of discrete subsets through multiparameter-based gating strategies is a mean to better explore both normal haematopoiesis and MRD by improving resolution and the detection of rare events. Also, in samples with limited infiltration by neoplastic cells, a more reliable identification of a subset is obtained if several immunophenotypic features are considered simultaneously, avoiding interpretation errors.
Both lineage and subclass assignment rely as much on the demonstration of the absence of a given marker than on that of the presence of another. Exploratory combinations thus allow for screening and for the identification of otherwise not infrequent aberrant leukemia associated immunophenotypic patterns (LAIP). In the absence of aberrant expression, they will turn out to be of easy use by lack of overlapping labellings.
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Besides aberrant expression of a given antigen due to cross-lineage or absence, valuable information can be obtained through the identification of asynchronous expression or over expression of specific antigens, as illustrated in the figures below. For example, a classical feature of B-II ALL, using a CD19/CD10/CD34/CD45 combination, is overexpression of CD10 and CD34 compared to normal hematogones. 
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Figure from Terstrappen et al (6).
By increasing the number of parameters used to identify a specific cell population, the probability of coincidence with instrument noise, debris and other cell populations significanlty decreases, particularly when positive and negative markers are combined to identify the cell population of interest.

2.2. Secondary aim : less tubes, less time, which costs, pros and cons?? 
Antibody combinations allow to get valuable information on smaller numbers of cells, i.e. smaller samples. This impacts on sampling and on the quality of the sample obtained in case of bone marrow aspiration (first 2 mL), by decreasing peripheral blood dilution.
On the other hand, use of a large panel such as recommended by several groups including the ELN (7) implies to purchase more expensive antibodies, and to use a broad range of compatible available fluorochromes. Premixed combinations could provide better quality control than home-made mixtures, yet this may not be the best approach for individual patients with aberrant patterns who could benefit from particularized combinations, hence requiring the availability of single-conjugated markers, as already stated above. In any case, home-made mixtures must be validated.
Any unexpected or aberrant flow cytometry result should be confirmed, either by examination in UV light microscopy whenever possible, or by using different single or multiple staining combinations.
From a technical point of view, the acquisition time will be shorter with fewer tubes to process, and more information can be derived from multiple staining. However, this is associated with an increased complexity of data analysis that will also be longer and require more expertise.

The costs of reagents should also be balanced vs. the costs of laboratory staff, which differ in various countries, but may be high. It may be better to use a larger panel up-front because staff costs are too high to perform time-consuming stepwise strategies. Moreover, restricting the immunophenotypic approach to the search for single lineage associated markers decreases the chance to identify not only biphenotypic acute leukemias but also aberrant patterns of antigen expression valuable for MRD detection. The complexity of data analysis and interpretation also implies to hire more qualified staff. 
2.3. 
Antibody mixtures, words of experience
In the evolution from 3 to 4, 5 and 6 or more colours, a general rule is that each combination should yield a normal/known pattern for normal cells. For example, one approach to check if the technical approach is correct is to verify classical patterns on peripheral blood. For instance, whatever the  combination of antibodies used, CD4-FITC should appear in the second logarithmic scale, CD8-PE in the third logarithmic scale while negative cells would be seen in the first logarithmic scale
Some laboratories may feel more confident with long-used two/three colours combinations. However, using more colours refines the definition of subsets, especially in samples with low blastic infiltration.

Another source of variation is the fact that different clones may show different patterns of staining and hence yield different numbers of labelled cells. Similarly, different conjugates may change coexpressions (ex. PECy5 on myeloid cells). CD34 antibodies conjugated to various fluorochromes have very different background thresholds so one has to be cautious while determining the negatives. This is especially important for some APC conjugates. It should also be reminded that there are three classes of CD34 with different reactivities (8). Similarly, CD7-Tri-Color is less specific than CD7-FITC and a higher threshold is needed with this fluorochrome. 
There may be non-specific binding of fluorochrome tandem conjugates such as PECy5 to monocytes (but not to lymphocytes), yet this does not happen currently with PECy5.5 or PECy7 conjugates. This may lead to artefactual labelling of CD19 for instance.
3. Fluorochromes

Not all fluorochromes can be used for any molecule. Notably the detection of such antigens as CD56, CD13, CD33, CD117 or CD19 typically requires the use of bright fluorochrome-conjugated antibodies. As a rule, the brightest fluorochromes (e.g.PE) should be used for molecules with the lowest expression. APC, which cannot be excited by the blue laser, does not deteriorate and provides also bright labelling for antigens with low expression. 

Fluorochromes differ from company to company, as different types of algae can be used. Tandems are also prepared differently by the various manufacturers.

There is an impact of the fluorochrome chosen on staining intensity for the same marker, as shown in the examples of CD8 below (courtesy, Beckman Coulter). This is also true for CD38, CD13 or CD33 conjugated with FITC or PE. Cytoplasmic CD3 detection similarly differs depending on the fluorochrome used. PECy7 is bright and could be a second choice fluorochrome for low-expressed markers, e.g. CD19 or CD34 which are difficult to use with APC depending on the instrument. There is a pitfall with the PECy5 tandem which is not very stable over time. Ultimately, the antibody is only conjugated to PE and the signal is that of PE emission (575 instead of 695 nm)
The same combination CANNOT be just indifferently applied to different instruments: results will depend on excitation, filters, number of lasers and PMT voltages, among other factors.
Dye Intensity Comparisons. Courtesy Beckman Coulter

[image: image6.png]a2

(F2)[4) 00002382 Imd : FLS Log - ADC

0

0

cosper

0

0





Table of fluorochromes (non exhaustive list) currently commonly conjugated to antibodies. Courtesy Becton Dickinson
	Fluorochrome
	Excitation Peak (nm)
	Emission Peak (nm)
	Laser Wavelengths (nm)

	AMCA
	345
	440
	334-364, 351-356

	Alexa 350 ²
	350
	445
	334-364, 351-356

	Marina Blue
	365
	460
	334-364, 351-356, 405, 407

	Cascade Blue ²
	395
	420
	405, 407

	Cascade Yellow ²
	400
	550
	405, 407

	Pacific Blue (PB)
	405
	455
	405, 407

	Alexa 430 2
	435
	540
	458

	Per-CP
	490
	670
	488

	FITC
	495
	520
	488

	Alexa Fluor 488 ²
	500
	520
	488

	Alexa Fluor 532 ²
	532
	555
	514

	TRITC
	545
	580
	568

	Alexa Fluor 546 ²
	560
	570
	568

	Phycoerythrin (RPE)
	565
	575
	488, 514, 568

	PE-Texas Red
	565
	615
	488, 514

	RPE-Cy5
	565
	670
	488, 514

	PE-Cy5.5
	565
	695
	488, 514

	PE-Cy7
	565
	770
	488, 514

	Alexa Fluor 568 ²
	568
	605
	568

	Alexa Fluor 594 ²
	594
	620
	568

	Texas Red
	595
	615
	568

	Alexa Fluor 610 ²
	612
	628
	568

	Alexa Fluor 633 ²
	630
	650
	633, 635, 647

	Alexa Fluor 647 ²
	647
	670
	633, 635, 647

	Allophycocyanin (APC)
	650
	660
	633, 635, 647

	Cy5
	650
	665
	633, 635, 647

	APC-Cy7
	650
	770
	633, 635, 647

	Alexa Fluor 660 ²
	660
	690
	633, 635, 647

	Cy5.5
	675
	695
	633, 635, 647

	Alexa Fluor 680 ²
	680
	700
	633, 635, 647

	Alexa Fluor 700 ²
	700
	720
	633, 635, 647


4. Basic facts of flow cytometry

Fluorochromes are light sensitive and great care should be taken to preserve them from exposure to light. This has been successfully applied by manufacturers who have developed opaque vials for storage. Therefore, the preparation of combinations in working tubes should be extemporaneous and wrapping in aluminum foil is a useful way to secure the quality of labelling. In any case, the samples should be processed in flow cytometry as soon as possible after their labelling with complex mixtures.
Special care should be taken with fluorochrome tandems and fluorochromes excited at higher wavelengths.
Live cells modulate their surface molecules, and this results in first patching and then capping, i.e. collection of the labelled markers on the cell's surface. Ultimately, the cell internalises the stained molecules and fluorescence may thus vanish. Sodium azide (1 ‰) blocks the cell's metabolism and thus inhibits capping.
Paraformaldehyde (PFA, 1%) fixes the membrane proteins, preserves staining, decreases infectivity but may also modify scatter properties. PFA fixation changes the conformation of proteins and therefore the structure or accessibility of epitopes, which is no problem if it is used AFTER staining, but it may impair staining after fixation/permeabilization. It should also be noted that some fixatives induce some degree of permeabilization and allow for intracytoplasmic labelling. Fixation also may increase the cells' autofluorescence.
Washing medium with phenol red may similarly increase autofluorescence in a pH dependent manner.
In addition, fixation prior to washing steps may also be associated with loss in specific cell populations (e;g. myeloid CD34+ precursor cells).
The way lysing & permeabilizing reagents lyse red cell precursors may be different, and these compounds may also impact the labelling. Some lysing reagents also affect nucleated cells and thus different reagents may yield different results in terms of percentages of labelled cells (9,10).
Ammonium chloride, which is widely used, both as commercial reagent or home made, must be used carefully as it may induce apoptosis. A viability check can be useful after red cell lysis with ammonium chloride. Syto 16 (Molecular probes) stains all nuclear cells, in the same way as thiazol orange but yielding a better, bright staining. The working solution deteriorates over time and increased amounts may have to be used to sustain staining. A viability gate is also important to use if samples have travelled to the laboratory or had to be kept over a weekend. Besides staining viable cells, Actinomycin D can be used to stain dead cells (7AAD, Sigma). It has a lower affinity for DNA than propidium iodide and provides for less compensation difficulties than PI. Stains should be titrated and staining checked under the fluorescence microscope.
Thorough washing or saturation with unlabelled immunoglobulins from the same species as the antibody used (mouse, goat, rabbit…) should be performed before staining for human Ig (surface or cytoplasmic). Saturation of FcR should not be done with human serum as this adds human immunoglobulins. Some anti-light chains antibodies do not always work, depending on the immunized animal or on the anticoagulant used to collect the sample. Titration of the reagents is particularly crucial for this type of labelling. The specificity for kappa or lambda chains may not be perfect with polyclonals and monoclonal antibodies. Staining for cytoplasmic light chains can be useful for clonality assessment in cases with dim surface Ig expression.

A good strategy for staining intracytoplasmic antigens in combinations with surface labelling is to: first stain for surface antigens, then wash, then permeabilize, and finally stain with cytoplasmic markers.
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Figure 3. Examples of kappa/lambda proper staining (11, 12). 
5.Antibody combinations and compensations

Instrument settings are of utmost importance in such circumstances and it must be kept in mind that combinations should yield the same result as single labelings. Automated compensation procedures can be used, taking advantage of a bright labelling such as CD45 or CD8 on peripheral lymphocytes. Aliquotes of the same sample are labelled with the same antibody conjugated to different fluorochromes. Each aliquote is run separately to appreciate the leak of each fluorochrome in other PMTs and perform compensation. Equal amounts of each aliquote are finally mixed in a final verification tube that should validate proper compensation and yield similar results for each colour. This procedure ensures that bright labellings will be properly compensated and therefore that weaker labellings will also be properly detected. Because single stainings are used in the first step, this procedure however does not account for the pitfalls of simultaneous labelling of coexpressed molecules, and the compensations for each set of combinations should be verified individually. Ideally, different settings should be saved for each combination and used appropriately afterwards.

Pitfalls; as already stated above, can be overcompensation, yielding a decreased detection of labelled cells, quenching, resulting in mutual extinction of emitted fluorescence, tandems cross excitation, or direct excitation of tandems by red laser.
Useful recommendations have been published (12: CSLI H42A 2006, 13) for complex compensation settings.
A useful development is the fact that new instruments allow for a posteriori compensations, making voltage settings the most critical part of the procedures.
The following table is a compilation of antibody combinations used in various laboratories in Europe. For each combination, the intended use has been underlined. Each combination/marker should be set in order to answer a question such as normal differentiation, MDS or MRD. For instance, CD16 can be added to a panel to detect NK cells or neutrophilic maturation. An immunological neoplastic cell gate defined by an SSC/CD45 biparametric scattergram is more and more used for the characterization of acute leukemia, as multiparameter flow cytometry progresses, yet it is not always necessary, as shown by the number of combinations omitting CD45.
Listed below are specific comments related to given markers, obviously not exhaustive but liable to provide useful hints.

· A CD38/CD56/CD19/CD45 combination is useful for plasmacytomas and for AML with CD56 coexpression. However, there are different CD56 clones available, with different reactivity. CD56 is N-CAM, the Neural Cell Adhesion Molecule, and is not at all strictly NK specific. It is not even leukocyte specific and CD45-/CD56+ labelling should lead to other pathological hypotheses such as small cell lung cancer or tumors of neuroendocrine origin (Figure 4)
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Figure 4 Courtesy A Porwit. CD45 negative/CD56 positive neurblastoma cells (red)
· CD61 labelling should be interpreted with caution because activated platelets stick to monocytes and platelet-/leukocyte coincidence does occur during acquisition. This happens less frequently when EDTA is used as anticoagulant for sample collection. Acquisition at low speed, use of a CD61/CD14 combination and/or microscope check must be done to confirm M7 AML. Cytoplasmic staining is also useful with CD61, CD41 or CD42 for megakaryoblasts identification. Any suspicion of M7 should use the whole set of platelet markers. 
· GlycophorinA may be dimmer on M6 immature blasts. CD36 and CD71 could be more reliable, as well as blood group antigens for the identification of erythroblasts. The expression of CD71 is reduced in MDS, which may transform in M6. Neither CD36 nor CD71 are strictly specific of the erythroid lineage. Nuclear staining is also useful in MDS and M6 for the detection of erythroblasts.
· KORSA staining may be problematic and this antibody, which is useful for the diagnosis of childhood ALL has a limited use for MRD because it is downregulated in most cases upon chemotherapy.

· CD15 is a carbohydrate antigen heterogeneously expressed and most monoclonals to CD15 are IgM. It may be useful to use more than one clone. Of note, some antibodies to CD15 activate cells after binding.
· TCR/CD3 co-labelling may be tricky for spatial reasons because of the close vicinity of the complexes. The same may happen for CD14 and DR or CD19, CD81, CD20, CD79b and surface immunoglobulins. This can be solved by sequential rather than simultaneous incubation.
· TdT is useful at orientation to differentiate acute leukemia from lymphoma. It may be downregulated by chemotherapy and thus less useful for MRD detection.. Both monoclonals and polyclonals exist for staining this intranuclear molecule. Permeabilization will play an important role in its detection. TdT is a confirmatory antigen for ALL diagnosis, but it can be useful in differentiating between hematogones and ALL both at diagnosis and during follow-up.
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Figure courtesy A Porwit. Differential expression  of CD10 and CD123  in ALL compared to normal differenciation.
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