1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Clin Lab Med. Author manuscript; available in PMC 2018 February 08.

Published in final edited form as:
Clin Lab Med. 2017 December ; 37(4): 821-853. doi:10.1016/j.cl1.2017.08.001.

-, HHS Public Access
«

Diagnosis of Plasma Cell Dyscrasias and Monitoring of Minimal
Residual Disease by Multiparametric Flow Cytometry

Kah Teong Soh, MS.", Joseph D. Tario Jr., Ph.D., and Paul K. Wallace, Ph.D.
Roswell Park Cancer Institute, Department of Flow and Image Cytometry, ElIm & Carlton Streets,
Buffalo, New York 14263

Synopsis
Plasma cell dyscrasia (PCD) is a heterogeneous disease which has seen a tremendous change in
outcomes due to improved therapies. Over the last few decades, multiparametric flow cytometry
has played an important role in the detection and monitoring of PCDs. Flow cytometry is a high
sensitivity assay for early detection of minimal residual disease (MRD) that correlates well with
progression-free survival and overall survival. Before flow cytometry can be effectively
implemented in the clinical setting sample preparation, panel configuration, analysis, and gating
strategies must be optimized to ensure accurate results. Current consensus methods and reporting
guidelines for MRD testing are discussed.
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INTRODUCTION

Plasma cells (PC) are terminally differentiated and non-dividing immune cells arising from
B cells whose primary function is to secrete antibodies to fight infection.1=3 PCs can live for
a long period, even a life time, in the bone marrow if survival signals such as interleukin-6
(IL-6), A proliferation-inducing ligand (APRIL), and B cell activating factor (BAFF) are
provided by stromal cells and various hematopoietic cells such as eosinophil.#=2 PCs can
only produce a single kind of antibody in a single class of immunoglobulin but each cell can
produce several thousand antibodies per second, making it an integral part of the humoral
immune response.19 PCs like all other leukocytes are susceptible to transformation. Most
plasma cell dyscrasias (PCDs) develop after affinity maturation has occurred in the germinal
center, as the gene sequence of most myeloma cells are hypermutated, exhibit phenotypic
features similar to those of long-lived PCs, and are usually distributed in multiple
compartments of the bone marrow.1:11-13 Once a clonal PC population is established, it has
the potential to behave in a number of ways not all of which will require treatment.
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Currently, there are several subtypes of PCDs including (i) monoclonal gammopathy of
undetermined significance (MGUS), (ii) asymptomatic myeloma, (iii) multiple myeloma,
(iv) PC leukemia, (v) plasmacytoma, and (vi) amyloidosis.141°

Plasma Cell Disorders

Normal PCs generate a spectrum of antibodies with different heavy chain (IgM, 1gG, IgA,
IgD, and IgE) and light chain (kappa and lambda) characteristics. With the exception of a
very few non-secreting cases, a common early finding in early PCDs is the presence of a
monoclonal heavy and light chain restricted antibody, referred to as an a paraprotein or M
protein. These often appear before any relevant clinical symptoms are discerned. A
monoclonal gammopathy is defined as any situation in which a clonal M protein is present
in the blood or urine and is reflective of a clonal plasma or lymphoid cell proliferation.
Purely reactive proliferations will often generate a polyclonal immunoglobulin response but
these are by definition not monoclonal M proteins. Since both PC and lymphoproliferative
disorders can produce M proteins, making the distinction between which type of disorder is
responsible for the M protein is critically important and flow cytometry can assist in this
process. Diseases of PCs include MGUS, multiple myeloma, and PC leukemia.

Monoclonal Gammopathy of Undetermined Significance (MGUS)

MGUS is the most common PC disorder. Its incidence rises rapidly with age and affects 3%
of individuals 50 years of age or older and 10% of individuals over the age of 70.16-19
Increasingly more sensitive assays and more frequent testing have resulted in increased
diagnosis. MGUS is characterized by a serum M protein of less than 30 g/L with fewer than
10% PCs in the bone marrow and no evidence of bone or organ damage.14 Although it
reflects the presence of an expanded clone of immunoglobulin secreting cells, it is not
considered a malignancy and no immediate therapeutic intervention is required.
Approximately only 1% of MGUS patients will progress to myeloma each year.20 The
immunophenotype of MGUS frequently shows two populations of CD38P", CD138" PCs,
one with a normal CD19*, CD56~ phenotype that is polyclonal and a second that is either
CD19~ and CD56" or CD56™ and monoclonal .2

Asymptomatic Plasma Cell Myeloma

Asymptomatic myeloma is characterized by an M protein concentration of greater than 30
g/L, with more than 10% PCs in the bone marrow, but with no related tissue or end organ
damage or clinical sequelae such as hypercalcemia, renal failure, anemia, and bone lesions.
14.22 The presence of radiographically detected bone lesions, even if not symptomatic, would
exclude a patient from this category because these are an indication for treatment. About
10% of asymptomatic myeloma patients will progress to multiple myeloma each year.23.24
Because smoldering and indolent PC myeloma are a continuum, neither can be reliably
diagnosed prospectively, and both are asymptomatic, thus the term asymptomatic PC
myeloma is preferred to describe both.
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Multiple Myeloma

Plasma Cell

Multiple myeloma is characterized by an M protein concentration of >30 g/L, greater than
10% PCs in the bone marrow, and evidence of organ and tissue damage.14 It is also
characterized by calcium elevation, renal insufficiency, anemia, and bone lesions due to the
accumulation of clonal PCs in the bone marrow. Unlike PC leukemia, the PCs in multiple
myeloma circulate in the blood at such a low frequency they cannot be readily detected
morphologically. Each year in the United States, nearly 27,000 people are diagnosed with
multiple myeloma which accounts for 1% of all malignancies and 10% of all hematological
neoplasms.2> Normally, PCs make up less than 5% of leukocytes in the bone marrow but if
they transform, PCs can fill up the bone marrow, and also cause damage to the bone through
the release of osteoclast-activating factorsZ6. Over time, they collect and form tumors in
multiple areas of the bones giving rise to the term “multiple” myeloma.

Leukemia

PC leukemia is similar to multiple myeloma but differs in presentation due to the presence of
PCs in the peripheral blood circulation. It is defined as a population of at least 2 x 103 PCs/
1L or representing greater than 20% of circulating leukocytes.1® PC leukemia may be
present at the time of initial diagnosis but more commonly evolves as a late feature of
multiple myeloma (secondary PC leukemia). Primary PC leukemia is found in 2 - 5% of
myeloma cases and has a poor prognosis.2’~2% PC leukemias are usually associated with
hypercalcemia, renal failure, and anemia, but not bone lesions. Phenotypically, it is more
often CD56~ than multiple myelomas.

Plasmacytoma

Plasmacytoma is a discrete solid PC tumor found either in the bone (solitary bone
plasmacytoma) or soft tissues (extramedullary plasmacytoma). Approximately 80% of
extramedullary plasmacytomas occur in the upper respiratory tract including the oropharynx,
nasopharynx, sinuses, or larynx though they can occur in any soft tissue. Approximately
20% of cases have a small M protein, most typically IgA. Symptoms are generally related to
the tumor mass and compression of adjacent tissues. Plasmacytomas are characterized by a
similar range of immunophenotypic and genotypic abnormalities to those encountered in
multiple myeloma.30

Primary Amyloidosis

Primary amyloidosis is a rare disorder caused by a PC which produces intact
immunoglobulins or most commonly immunoglobulin light chain fragments and rarely
heavy chain fragments. These build up in tissues and organs forming p-amyloid sheets.
Renal and cardiac amyloid deposition can cause serious organ impairment and death. The
immunophenotype of PCs causing primary amyloidosis, like myeloma, are typically light
chain restricted, CD38 and CD138 positive, CD45 negative or dim, with the majority being
CD56%, CD117*, and CD19™.31:32
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DIAGNOSIS

The diagnosis of PCD is challenging. For instance, studies have reported similar genetic
alteration between pre-malignant MGUS and multiple myelomall. Accordingly, diagnosis is
usually based on a number of factors. A standard workup includes total serum protein, serum
and urine protein electrophoresis, immunofixation in serum and urine, detection of serum
free light chains (sFLC), and the following additional parameters: complete blood count,
serum creatinine, electrolytes (including calcium), lactate dehydrogenase, and p2
microglobulin. In a patient with suspected multiple myeloma, a bone marrow biopsy is
normally obtained.

Multiparametric flow cytometry (MFC) is a powerful technique that has been routinely
employed in clinical settings to characterize, diagnose, and monitor hematological
malignancies.33-39 Though the assessment of myeloma cells in the bone marrow
compartment by flow cytometry has been conducted since the 1990s, the technology has
only recently been widely accepted as a routine clinical test for multiple myeloma.#%-44 This
delayed acceptance was due primarily to the unavailability of specific markers that could be
used for reliable detection of PCs and selective loss of PCs while making a single cell
suspension from bone marrow.4%:46 Technical variables including PC baseline
autofluorescence levels, inconsistent staining profiles, and the use of different monoclonal
antibody (mAb) clones and fluorochromes all contributed to the slow adoption of MFC for
the detection of PCDs.42:45-50

With the increased understanding of human cell biology and the expansion of mAb choices,
recent reports published by independent investigators have shown that the expression of
several markers can be used to distinguish normal from abnormal PCs.37:43-45.48,51-54 Aq
such, greater than 95% of the multiple myeloma patients are found to have an aberrant
phenotype associated with their neoplastic PCs. The remainder of this chapter will focus on
the utilization of MFC immunophenotyping and how it can be helpful in the diagnosis,
prognosis and disease monitoring of PCDs. Specifically, the methodological considerations
involved during panel design, including the selection and validation of informative mAbs,
and data analysis will be elaborated.

Methodological Considerations for Evaluating Abnormal Plasma Cell

MFC is a reliable technique that enables concurrent and correlated detection and analysis of
multiple parameters at the single cell level. It permits the study of large number of cells
within a relatively short period of time, storage of that information for further evaluation,
quantitative evaluation of antigen expression levels, and combined detection of surface and
intracellular antigens.36:45.55.56 Before flow cytometry can be applied to clinical diagnosis of
PCDs, optimizing sample preparation, panel configuration, and analysis and gating
strategies is critical.>’~83 This topic has been previously addressed in detail and the reader is
referred to the Cytometry B Special Issue dedicated to the validation of cell-based
fluorescence assays from the International Council for Standardization of Haematology and
the International Clinical Cytometry Society.57:59.62.64 Major efforts over the last couple of
years have also been invested into reaching a consensus over which mAb panels should be
run on bone marrow samples from newly diagnosed multiple myeloma patients and when
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testing them for minimal residual disease (MRD).58:65.66 presently, the lack of External
Quality Assessment (EQA)/Proficiency Testing (PT) programs for PCD testing constrains
the evaluation of inter-laboratory reproducibility and concordance.?>:67 At the time of this
writing, the United Kingdom National External Quality Assessment Service (UK NEQAS)
group had begun a prototype EQA/PT program which evaluated the reproducibility of
multiple myeloma MRD detection among 8 participating laboratories. Before such programs
become widely available, the optimization and validation of a flow cytometry-based PCD
assay should be taken with care, using current published consensus protocols as a guideline
and validated by comparing results with a laboratory that has a well-established assay. This
section describes in detail sample handling, mAb and fluorochrome selection, panel design,
sample staining, data analysis, evaluation of sample quality, and reporting.

Panel selection

In clinical flow cytometry, cell populations are considered as abnormal if they have an
atypical differentiation patterns, increased or decreased expression of normal antigens,
asynchronous maturational patterns, or the expression of aberrant antigens. Currently, the
most commonly used markers for the discrimination of normal plasma and myeloma cells
from other leukocytes include CD38, CD138, CD45, CD19, CD56, and cytoplasmic
immunoglobulin light chains in combination with light scatter.37:41 Practically, an assay for
detecting PCD should be able to identify disease in all tested patients; which is a strength of
flow cytometry when compared to other technologies. It does not necessarily have to fully
characterize the disease but should retain the capability of detecting the presence of diseased
cells with appropriate specificity and sensitivity. The minimum mAbs recommended for
initial assessment of PCDs are CD38, CD138, CD45, CD19, and CD56, with the expression
of secondary antigens considered to be informative added as necessary.>8 The expression
patterns of CD38, CD138, and CD45 antigens are recommended by the European Myeloma
Net to be used as the backbone markers for the identification and enumeration of PCs in all
tubes.56:68 The unique expression patterns of CD19, CD20, CD27, CD28, CD56, CD81,
CD117, and cytoplasmic immunoglobulin light chains have all been employed for the
discrimination between normal or reactive versus clonal PCs (Table 1).4548.68.69

An effective panel that has been proposed and validated by the ICCS multiple myeloma
minimal residual disease consensus group and the EuroFlow consortium consists of two 8-
color tubes that measure a total of 10 specific antigens.>370 The final panel utilized by these
groups uses 8 surface markers in the first tube (Tube 1), while the second tube (Tube 2) is
comprised of 6 surface and 2 intracellular markers (Table 2). In our configuration, Tube 1
and Tube 2 have a backbone of CD38, CD138, and CD45 which in combination with light
scatter provides the best approach for identification of PCs and their discrimination from all
other cells in the sample. Both tubes also contain CD19, CD56, and CD27. In combination
with CD38 and CD45, that can be aberrantly dim or absent, the lack of CD19 expression
and/or strong CD56 expression and/or dim CD27 expression differentiates in most cases
neoplastic PCs from their normal counterpart. Tube 1 also has CD81 and CD117 while in
Tube 2 these mAbs are substituted with cytoplasmic anti-kappa and anti-lambda polyclonal
antibodies. The merit of using two 8-color tubes with redundancy in the design allows for
the confirmation of the presence and number of abnormal PCs in acquired samples from a
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statistical and internal quality control standpoint. As the costs associated with the two-tube
approach are higher and the technical aspect of clinical flow cytometer continues to improve
to accommodate more fluorescent parameters, a few labs have explored using a single 10-
color tube.”1.72 Regardless, both approaches are in harmony. When directly compared, the
single 10-color tube had a slight reduction in total cell number, although there was no
apparent loss of either normal or abnormal PCs. To perform a viability assessment and to
establish background autofluorescent levels, the authors’ laboratory utilizes a third tube,
which contains a Fixable Live Dead reagent with anti-CD38, anti-CD138, and anti-CD45.

The significance of CD19, CD20, CD27, CD28, CD38, CD45, CD56, CD81, CD117, and
CD138 as they relate to PCDs are described below:

CD19 is normally expressed at all stages of B cell development ranging from
pro-B to PCs. In patients with MGUS, the expression of CD19 on PCs is
normally high, while PCs in multiple myeloma are most often either negative or
dim for CD19 expression.2* The decreased expression of CD19 is usually caused
by the altered expression of PAX-5.63 The lack of expression of CD19 has been a
facilitating feature when identifying malignant PCs as greater than 95% of
abnormal PCs are negative for CD19 whereas it is noteworthy that CD19 is
positively expressed only by approximately 70% of normal PCs.52

CD20 expression occurs later in early B cell maturation while CD34 is
concurrently downregulated. As B cells differentiate into normal PC, they lose
CD20 but it is expressed on roughly one-third of abnormal PCs. The CD20
antigen has been associated with shorter patient survival however, the prognostic
significance of CD20 expression is unclear.”3 CD20 is associated with a mature
morphology and often with a small PC, lymphoplasmacytic morphology with the
t(11:14) translocation.59

CD27 plays arole in helping B cells differentiate into PCs. In the B cell lineage,
CD27 is considered as a memory marker because its expression is limited to
germinal center cells, memory B cells and PCs.89 In MGUS, the expression of
CD27 on PCs is usually high. In patients with multiple myeloma, the expression
of CD27 on abnormal PCs is often dimmer than normal PCs. When CD27 is
expressed at normal intensities on abnormal PCs, it is usually correlated with a
better prognosis and loss of CD27 expression has been associated with shorter
PFS and OS.7475

CD28 is normally not expressed on PCs and rarely in patients with MGUS, but
in one third of multiple myeloma patients it is found on their abnormal PCs. The
expression of CD28 is associated with an aggressive myeloma phenotype. When
used concurrently with CD117, it has been found that CD28 can be used to
stratify multiple myeloma cases into 3 risk categories*?: (i) good prognosis
CD287/CD117%, (ii) intermediate prognosis CD28~/CD117-, and (iii) poor
prognosis CD28*/CD117-. As the disease progresses, CD28 expression
increases and it is often associated with relapse.”8 Interestingly, while the
expression of CD28 can induce antigen-independent T cell activation, it does not
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induce proliferation in neoplastic PCs; instead, it is speculated to act as a pro-
survival signal to myeloma cells by ligating CD80/CD86 on myeloid DC
facilitating the secretion of supportive cytokines such as 1L-6 and 1L.-8,6%.77.78 a5
well as the immunosuppressive enzyme 1DO.7°

. CDa38 is present on many cells including B cell progenitors and germinal center
B cells.809:81 Both abnormal and normal PCs brightly express CD38, with
neoplastic cells often expressing it at a slightly lower intensity than normal PC.82
Antibodies to CD38 are currently being used therapeutically for the treatment of
multiple myeloma which can block the binding of many mAb clones used in
flow cytometry, causing the myeloma in samples from these patients to appear
CD38 negative.

. CD45 is a well-known marker that is expressed at variable levels on leukocyte
subsets. Normal PCs while generally positive can also be negative for CD45.82 In
patients with MGUS, heterogeneous distribution of CD45* normal and CD45~
abnormal PCs in bone marrow have been observed.83 In multiple myeloma
patients, however, the expression of CD45 on neoplastic PCs is negative to dim
in the majority of cases. The expression of CD45 with other markers such as
CD19 or CD27 allows further refinement of the PC identification process.8

. CD56, also known as the neural cell adhesion molecule (NCAM), is a common
marker used for the identification of natural killer (NK) and NKT cells as well as
a valuable marker that can be utilized to define an abnormal phenotype of
neoplastic PCs. It is an adhesion molecule involved in anchorage of
myelomatous PC to the bone marrow stroma and its absence of expression is
associated in some studies with extramedullary spreading and more aggressive
disease.*? Positive CD56 expression can be found on PCs in the bone marrow in
the majority of multiple myeloma patients. Myeloma cells circulating into the
peripheral blood usually lack CD56, whereas myeloma cells located in pleural or
ascetic effusions are usually CD56. The down-modulation of CD56 by a
formerly positive myeloma may indicate extramedullary diffusion of the disease,
85 whereas its initial absence has been associated with the presence of extra-
marrow involvement, a tendency to leukemization, a lower frequency of
osteolytic lesions, and plasmablastic morphology.86-88 When combined with
CD19, the expression of CD56 can provide substantial diagnostic value.%9 Lack
of CD19 expression and/or strong CD56 expression differentiates neoplastic PCs
from their normal counterpart in most cases. However, it should be noted that
with improving outcomes and increased sensitivity of flow-MRD methods, it is
now well-established that a subset of normal PCs can be CD19™~ and/or CD56*.69

. CD81 is a tetraspanin family member broadly expressed on hematopoietic cells
with the exception of erythrocytes, platelets, and neutrophils.89 It is expressed on
all B cells where it forms a multi-molecular complex with CD19 and CD21,
which together are involved in signaling of B cell maturation and antibody
production. The expression of CD81 on immature B cells is brighter than on
mature B cells. In approximately half of the patients with multiple myeloma, the
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expression of CD81 is dim to negative in comparison with normal PCs.37 It has
been found that patients with CD81 expression on myeloma cells have shorter
progression-free survival (PFS) and overall survival (OS) when compared to
those who do not express it.%

. CD117, also known as the proto-oncogene c-Kit, is commonly found on
myeloid, erythroid and megakaryocytic progenitors, and mast cells, whereas
normal PCs are CD1177.91-93 |n MGUS, 50% of the cases express CD117; in
multiple myeloma, about one third of patients are CD117+.93 The expression of
CD117 on PCs predicted better outcome and it can be used in combination with
CD28 to allow for risk stratification (see CD28 above).

. CD138, also known as syndecan-1, is a transmembrane heparin sulfate
proteoglycan that is expressed during PC stage of B cell maturation. CD138
functions as the alpha receptor for collagen, fibronectin and thrombospondin.®*
In addition, CD138 can also be shed into the extracellular matrix to trap growth-
promoting and proangiogenic cytokines.?>% Both abnormal and normal PC in
MGUS and multiple myeloma express high levels of CD138.82 Currently,
CD138 serves as a universal marker for PCs detection and it can provide a basis
to quantify or assess disease burden. The staining intensity of CD138 mAb, may
be attenuated when samples are exposed to sodium heparin, stored for long
periods, refrigerated, or frozen.95:97.98

Performance Evaluation of Fluorochrome-conjugated mAb

When selecting the mAbs to be incorporated into a multiple myeloma panel, the cytometrist
is presented with a variety of choices in clones, fluorochromes, and sources. Table 2 presents
a list of markers found to give the best resolution of PCs from other leukocytes with
excellent discrimination between normal and abnormal PCs. This table should be used as a
general guide for laboratories designing their own panels to diagnose and monitor PCDs.
The strategies used to assess the performance of individual mAbs such as fluorescence
intensity, percentage of negative versus positive cells, signal-to-noise ratio, and stain index
will vary from lab-to-lab, however we have found signal-to-noise and Stain Index to be the
most informative. Building on the experience of the EuroFlow group,’® we evaluated several
additional clones and fluorochromes to derive the panel described in Table 2. The most
significant adjustment was to replace CD138 Pac Blue with BV421 and CD27 Pac Orange
with BV510, changes that were also adopted by the EuroFlow group. We also found CD38
clone T16 from Beckman Coulter gave a slightly higher signal-to-noise ratio. The detection
of CD38 is becoming problematic with the introduction and clinical use of daratumumab, a
humanized IgG1 kappa mAb targeting CD38 and shown to significantly improve outcomes
in refractory multiple myeloma. Daratumumab blocks the binding of most anti-CD38 mAbs
used in flow cytometry interfering with the assessment of PCDs. To date the only partial
solution found has been to use a multi-epitope anti-CD38 containing a cocktail of mAbs.
Other approaches under investigation have been to look at substituting or combining mAbs
to CD38 with mAb to CD54, CD229, and CD319.54
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In panel development, to confirm that the fluorochromes selected for each mAb do not have
significant signal broadening or cross-laser excitation artifact that would compromise the
resolution of important populations we use a fluorescence minus one (FMO) approach.%?
This consists of an mAb cocktail in which the mAbs included are identical to those in the
test article, except for the exclusion of the one fluorochrome that is being controlled. To
completely validate the PCD tubes, we control for all fluorochromes. In the 8-color cocktails
shown in Table 2, we set up 9 tubes for each cocktail; the first tube containing all the mAbs
except for the FITC conjugated mAb, the second minus the PE conjugated mAb, continuing
this process for all fluorochromes and finishing with a tube containing all the mAbs. Each
FMO is compared to the fully-stained panel ensuring that all populations of interest are well
separated.

The panel in Table 2 represent a consensus approach which can be readily adopted.56.70
Labs desiring to modify the consensus approach should demonstrate that their panel is
comparable or better than the consensus panel. A strategy to determine the performance of
an alternative mAb is to evaluate its staining resolution in conjunction with all the other
mADbs used in the panel, rather than using the mAb alone This is best accomplished by
defining a negative and positively stained population and calculating their signal-to-noise
ratio as first described by Rawston and colleagues!. As an example (Fig. 1), when
evaluating the performance of CD81, the signal-to-noise ratio may be calculated by dividing
the fluorescence intensity of an internal positive population (e.g. T lymphocytes defined as
CD197/CD567/CD45P/SSC0) by the fluorescence intensity of an internal negative
population (e.g. granulocytes defined as CD45%M/SSCh). This approach can be performed
on both peripheral blood and bone marrow samples, but it should be noted that the specimen
employed should mimic the condition and type of the specimens to be tested. In Table 3 and
Table 4, the data for all mAbs from our analysis of 10 bone marrow samples with no
hematological disease is provided. Laboratories initiating a validation of their PCD panel
may use this table as a guideline to measure the performance of each mAb in their tube(s).
CD138 was an exception. Due to the paucity of CD138 positive cells in normal bone marrow
we used a CD-CHEX CD103™ PLUS control reagent (Streck, Omaha, NE) which contains
a CD138 positive control population and compared its fluorescence intensity to B cells
defines as CD19%/CD45P/SSClo.

Sample Storage and Quality

Bone marrow aspirate, blood, and fine needle aspirate (FNA) are appropriate specimens for
the routine detection of PCs. Multiple myeloma MRD testing has been established on bone
marrow aspirates. The detection and assessment of abnormal PCs in peripheral blood at
initial diagnosis and 2 weeks prior to an autologous stem cell collection may become a
routine test as studies have demonstrated these can be clinically relevant.101.102 Regardless
of the types of specimen received for testing, the importance of having good quality samples
prior to processing cannot be overemphasized.

As the age of a specimen is a critical factor for any test carried out using flow cytometry, the
sample tube should be labeled with the collection date and time. It is recommended that
blood and bone marrow specimen to be stored at room temperature.193 Standard practice is
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to process specimens as soon as possible and preferably within 48 hours of collection.
Samples may be collected in either an EDTA or sodium heparin vacutainer tube, though
EDTA is preferable due to attenuation of CD138 signal when stored in heparin. Tissue
samples may be placed in a small volume of RPMI as a holding medium and should be
processed immediately.

A compromised specimen such as one that is excessively hemodilute, partially clotted, too
warm or cold to the touch, or displays sign of hemolysis will not yield the same results as
when optimal specimens are processed. For this reason, the quality and integrity of a bone
marrow specimen should be qualitatively assessed upon receipt via physical observations.
Hemodilution can be determined by confirming the presence of normal PCs, B cell
progenitors, mast cells, and nucleated RBC in the bone marrow specimen.5® The viability
and the presence of PCs in a specimen can be checked using the staining Tube 3. Samples
with less than 85% viability are deemed suboptimal for flow cytometry testing. In such
cases, it is recommended that each report include a statement about sample quality including
a notation of hemodilution and viability. In the event an irreplaceable and rare specimen
such as bone marrow is compromised due to unforeseen circumstances, it should not be
rejected for flow cytometry testing. Instead a notation must be included clearly stating that
the result may have been compromised and why.

Staining Procedure to Label Leukocyte Subsets

Depending on the level of sensitivity required, there are two staining procedures that can be
used for the assessment of PCDs, these are (i) the routine PCD test (e.g. low sensitivity
assay) and (ii) the MRD high sensitivity test. The reason for two different staining
procedures is due to the difference in frequency of abnormal cells that are present between
overt disease (e.g. at the time of diagnosis) and rare cell detection (e.g. after the patients
have undergone treatment). The routine test is less labor intensive but lacks the sensitivity of
the MRD assay. This section will discuss the procedure for routine PCD testing. High
sensitivity MRD testing will be described in the section below entitled “Minimal Residual
Disease Testing”. In both procedures, the panel described in Table 2 is applicable. For
routine testing, a less comprehensive panel consisting of at least CD38, CD138, CD45,
CD19, and CD56 can be employed with secondary mAbs to CD27, CD117, cytoplasmic
light chain reagents, and other mAbs added as required.

Details of our routine testing procedures can be found elsewhere.104 Briefly, bone marrow
samples received for PCD testing are filtered through a 70 um cell strainer (Corning,
Manassas, VA) to exclude spicules from the samples. An absolute cell count on blood, bone
marrow and FNA is performed using an automated cell counter (e.g. Sysmex XS-1000i,
Lincolnshire, IL). The specimen is then transferred to a 15 mL conical tube and washed
twice using flowcytometry (FCM) buffer (containing 0.5% bovine serum albumin, 0.1%
sodium azide, 0.04 g/L and sodium EDTA in PBS) to remove plasma immunoglobulins. A
second cell count is performed and approximately 1 x 106 cells are transferred to three
labeled 12 x 75 mm polystyrene tubes. Cocktails of fluorochrome-conjugated mAbs are
added to each tube according to Table 2 and the samples are incubated for 30 minutes at
room temperate in the dark. After surface labeling, 2 mL of FACS™ Lysing Solution (BD
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Biosciences, San Jose, CA) is added to each tube and allowed to stand at room temperature
for 10 minutes. All the tubes are then centrifuged at 540 x g for 5 minutes and washed once
using FCM buffer.

Tubes to be labeled with surface mAbs only (e.g. Tube 1 and Tube 3) are resuspended in 500
pL of 0.5% methanol free formaldehyde (Polysciences, Warrington, PA) in PBS. For
intracellular staining with anti-kappa and anti-lambda reagents (e.g. Tube 2), following the
first wash in FCM buffer, the cells are resuspended in 300 pL of 2% formaldehyde and
incubated in the dark for 20 minutes at room temperature. Fixed cells are then washed with 3
mL of FCM buffer and resuspended in 50 uL of Permeabilization Medium B (Thermo Fisher
Scientific, Carlsbad, CA). Saturating amounts of kappa and lambda antibodies are added and
the sample is incubated in the dark for 30 minutes at room temperature. Finally, this tube is
washed once using FCM buffer and resuspended in 500 uL of FCM buffer or 0.5%
formaldehyde for data acquisition.

Data Analysis and Gating Strategy

The analysis approach recommended by the ICCS Consensus Group utilizes the expression
of CD38, CD138, CD45, and light scatter characteristics to define PCs, while excluding
contaminant lymphocytes, doublets, and debris. Such “fit-for-purpose’ gating strategy can be
easily adapted to any multiple myeloma analysis, regardless of the instrument, panel, or type
of flow cytometric analysis software package used. The recommended gating steps for an
inclusive identification, enumeration, and characterization of PCs are as follows:

I. Identification of total plasma cells

a. Place a rectangular region (R1) on a bivariate plot (A) of Time vs. SSC-A to
circumscribe all events collected in continuity (Fig. 2). This dot plot can be used
to assess the chronologic heterogeneity of the acquisition by eliminating any
invalid events such as air bubbles which may occur during the run.

b. On a bivariate plot (B) of FSC-A vs. FSC-H, create a rectangular region (R2) to
include the singlet cell population. Doublets will have more FSC-A than FSC-H.
Gate this bivariate histogram on (R1).

c. On a bivariate plot (C) of FSC-A vs. SSC-A, create an irregular region (R3) to
circumscribe the cell population of interest and exclude aggregates, debris, and
dead or apoptotic events. Gate this bivariate histogram on (R1 & R2). Cells gated
on (R1 & R2 & R3) define ‘Total Leukocytes’.

d. Create 3 separate bivariate plots (D: CD138 vs. CD38), (E: CD45 vs. CD38), and
(F: CD45 vs. CD138). Gate each of these bivariate plots on (R1 & R2 & R3). An
irregular region (R4) is drawn on plot D circumscribing the CD138*/CD38*
events; another irregular region (R5) is drawn on plot E circumscribing the
CD45*-/CD38* events; a third irregular region (R6) is drawn on plot F
circumscribing the CD45%-/CD138* events. CD45 is helpful for gating but
should not be used as a marker for cell exclusion since both normal and clonal
PCs can exhibit variable CD45 expression. When setting regions consider that
CD138 expression may be attenuated and/or that PCs from patient on anti-CD38
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immunotherapy may appear to be CD38 negative by flow cytometry. Since CD45
on PCs is generally dim to negative, evaluating it in combination with CD38 and
CD138 can help in these situations. The combined Boolean gate definition (R1 &
R2 & R3 & R4 & R5 & R6) defines both normal and neoplastic PCs (‘Total
PCs’) that are present in the sample for subsequent analysis.

Il. Phenotypic characterization of normal and abnormal plasma cells—As PCD
is a heterogeneous disease where neoplastic PCs can express variable antigen levels,
defining abnormal PCs can be challenging (Fig. 3). Currently, there is not a single marker
that can be used alone to reliably distinguish abnormal PCs from normal PCs. However,
provided that a sufficient number of events are acquired, the combination of markers used in
both Tube 1 and Tube 2 are capable of resolving abnormal PCs in a high percentage of
cases. For this reason, all permutation of bivariate plots should be created and gated on
“Total PCs’, which is identified above as cells circumscribed using the aforementioned
Boolean gate definition (R1 & R2 & R3 & R4 & R5 & R6).

An individual is considered to have a PCD if the PCs express two or more aberrant cell
markers, which are often some combination of CD38%™, CD45- o dim ' cp19-, CD56™,
cD279im cpg1dim cD117* and clonally restricted. Non-neoplastic PCs exhibit
heterogeneous expression of CD45 and CD19, are mostly negative for CD20 and CD117,
and invariably show homogeneously bright expression of CD81. Moreover, dim or absent
CD8L1 expression is only observed in abnormal PCs, with 95% sensitivity and 100%
specificity. The expression of CD56 and CD27 is observed in a subset of non-neoplastic PCs
(between 5 - 20% of all PCs) with the latter more frequently expressed in post-treatment
bone marrow samples. Given the nature of clonal PCs, antigen expression is often more
uniform in myeloma cells rather than present across a heterogeneous spectrum as is seen in
normal PCs. Neoplastic PCs will often show additional aberrancies, such as CD117* or
CD279Im expression; and these aberrancies will be co-expressed within the same cell
population, whereas immunophenotypic variations in normal PCs tend to be heterogeneous
and/or distributed among different subsets. Finally, provided a sufficient number of PCs are
acquired, analysis of cytoplasmic light chain expression within subsets showing a myeloma-
like aberrant phenotypes (e.g. CD19~ or CD56* PCs), while not routinely required, can be a
valuable additional step in confirming the diagnosis.

Representative cases to compare and contrast the immunophenotypic profile of PCs in bone
marrow samples are illustrated in Fig. 3. Data from a patient with no hematological disease
is presented in Fig. 3A. Note the positive expression of CD19, CD38, CD27, and CD81. The
PCs are also polytypic for cytoplasmic light chains. In Fig. 3B, an obvious population of
abnormal PCs (red) expresses CD56 and CD117; are dim for CD45 and CD27; negative for
CD19 and CD81; and are cytoplasmic kappa light chain restricted. In Fig. 3C, an MRD
population (red) is intermixed with normal PCs (blue) with a phenotype similar to that seem
in Fig. 3B but note the slightly dimmer expression of CD38 on the abnormal cells.

lll. Quality assessment of bone marrow aspirates—Tube 1 in the panel described
here is designed to assess if the patient bone marrow aspirate is hemodilute by evaluating for
the presence of erythroid precursors, mast cells, and hematogones (Fig. 4). If abnormal PCs

Clin Lab Med. Author manuscript; available in PMC 2018 February 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sohetal.

Page 13

are found or these populations are present in the aspirate, then the sample should be reported
as adequately representative of bone marrow based. Conversely, if no PCs are found and
these populations are absent or reduced then the sample should be reported out as
hemodilute. The following gating parameters are used in the identification of mast cells,
hematogones, and erythroblasts.

a. Using the bivariate plots shown in Fig. 2, total leukocytes are identified using the
Boolean strategy R1 & R2 & R3.

b. As shown in Fig. 4A, draw a rectangular region (R7) to circumscribe the CD277/
CD1177 events to identify the mast cells.

C. To define hematogones, B cells are first identified by creating a region (R8) on a
bivariate plot of CD56 vs. CD19 to circumscribe CD56-/CD19* cells. This
region (R8) is then applied to a bivariate plot of CD45 vs. CD81, and the
CD459M/CD81Pr cells (RI) identify the hematogones.

d. As shown in Fig. 4D, erythroid precursors (R10) are identified as CD4591M/SSC-
Al events.

MINIMAL RESIDUAL DISEASE TESTING

In the routine diagnoses of PCDs the presence of monoclonal proteins are important for the
evaluation of disease. They are measured in the urine and serum and can be identified by
immunofixation electrophoresis (IFE) and quantified by protein electrophoresis (urine
protein electrophoresis or serum protein electrophoresis). Changes in monoclonal protein
concentrations are used to determine response to therapy or disease progression. Other
assessments include the morphological evaluation of PC concentration in the bone marrow
and whether there is evidence of new lytic bone lesions or plasmacytomas.19> A complete
response (CR) prior to the use of novel agents was uncommon and responses were divided
into several disease states, including stable, minimal, partial, very good partial, and complete
responses. Improvements in therapy and methodologies to detect monoclonal proteins allows
better stratification of good responses. Patients fulfilling the definition of CR may still have
disease detected by IFE, which is defined as a near CR (nCR).195.106 Similarly, utilization of
sensitive sFLC assays may detect remaining imbalances of kappa and lambda concentrations
suggestive of persistent disease in patients who were otherwise deemed to be in CR.197 The
rationale for adding the sFLC ratio to the multiple myeloma response criteria was to provide
a more sensitive and precise indication of CR for use in comparative clinical trials by
enabling the detection of small quantities of abnormal proteins in patients with little or no
detectable monoclonal protein on serum protein electrophoresis and IFE. The International
Myeloma Working Group defined a stringent CR as a patient who satisfied the criteria for a
CR and was negative for SFLC.108

Achievement of stringent complete response (sCR) is associated with a significantly longer
0S and PFS than CR or nCR are regardless of the therapy utilized.109-114 With novel
therapeutics such as immunomodulatory drugs, proteasome inhibitors, and immunotherapy
evolving at an unprecedented rate there is a need for even more sensitive methods to
evaluation response to therapy. The development and testing of new therapeutics have been
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limited because almost all patients achieve an sCR and consequently randomized Phase 3
clinical trials take years to show benefits since PFS and OS are used as study endpoints.
55,115-118 pye to the long latency between drug development and approval to be considered
as a therapeutic option, the measurement of MRD by MFC as an independent method to
predict PFS and OS for patients diagnosed with PCD has been championed.119120 Aj| flow
cytometric studies to date have strongly correlated with PFS and OS at the Day 100 time
point, reducing the time required to reach meaningful clinical outcomes from years to
months,121-124

There are currently 3 methods for detecting MRD that focus on the malignant multiple
myeloma clone: immunophenotyping by flow cytometry, allele-specific oligonucleotide real
time quantitative polymerase chain reaction (ASO-gPCR), and next-generation sequencing
(NGS). Flow cytometry and ASO-gPCR have about the same sensitivity, while NGS is about
10 times more sensitive. Whereas flow cytometry is applicable for virtually all multiple
myeloma patients (=95% of cases), ASO-gPCR and NGS have a more restricted
applicability (50 — 90% of cases). This is mainly due to the high number of somatic
hypermutations in the complementarity-determining regions (CDR) of the B cell
immunoglobulin gene which cause variable levels of primer annealing with unpredictable
amplification and quantitation of results.

Two large studies have reported the correlation of immunophenotyping by flow cytometry
with PFS and OS in uniformly treated patients. Paiva and colleagues!?* assessed MRD
status at Day 100 by MFC in 295 newly diagnosed multiple myeloma patients treated with
induction therapy followed by autologous hematopoietic stem cell transplant (aHSCT) in the
GEM2000 protocol. Compared to MRD positive patients at Day 100, those with MRD
negative status had longer PFS (median 71 vs. 37 months; p< 0.001) and OS (median not
reached vs. 89 months; p=0.002).124 In multivariate analyses, MRD status by MFC at Day
100 after transplant was the most important independent prognostic factor for both PFS and
0S. Rawstron and colleaguel?? evaluated the role of MFC in assessing MRD after induction
therapy (n= 378) and at Day 100 after transplant (n=397) in the MRC Myeloma IX Study.
MRD status at Day 100 after transplant was highly predictive of PFS (28.6 vs. 15.5 months;
p< 0.001) and OS (80.6 vs. 59 months; p= 0.0183) for MRD-negative and MRD-positive
patients, respectively. In a smaller Phase 2 trial of 31 patients, the Intergroupe Francophone
du Myélome reported 21 (68%) of patients became MRD negative by flow cytometry after
treatment. After 39 months of follow-up, none of the flow MRD negative patients had
relapsed. Thus, from each of these studies it can be concluded that MRD testing by flow
cytometry represents a sensitive, easily and quickly performed, surrogate method of
predicting PFS and OS within months of therapy.

Measuring Minimal Residual Disease by Flow Cytometry

Previously, we described our routine or low sensitivity flow cytometry method for detecting
PCDs. The high sensitivity assay discussed in this section is basically a modification of the
lower sensitivity assay designed to acquire more cells. Since abnormal PCs are often present
in very low numbers in post-treatment bone marrow aspirates it is critical to acquire many
events. The current recommendation of the ICCS Multiple Myeloma Consensus Group is
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acquire a minimum of 2 x 108 cells and preferably 5 x 10 cells. Obviously, using 100 uL of
bone marrow would be insufficient to achieve these numbers. Therefore, it is necessary to
use high volumes of sample. Two methodologies have been utilized for this, namely the
‘Pre-lysis’ and ‘Pooled-tube’ approaches.

In the Pre-lysis approach, approximately 30 x 106 cells are treated with Ammonium-
Chloride-Potassium (ACK) lysing buffer (155 mM ammonium chloride, 10 mM potassium
bicarbonate, and 0.2 mM EDTA) for 10 minutes at room temperature (ata 1 to 9
sample:ACK lysing buffer ratio).125 The cells are then washed with FCM buffer and
adjusted to approximately 5 x 107 cells/mL. To tubes containing the mAbs described in
Table 2, 100 - 200 pL of sample is added and the cells are incubated in the dark for 30
minutes at room temperature. After incubation, the residual erythrocytes are lysed a second
time with saponin based BD FACS™ Lysing Solution for 10 minutes and then washed with
FCM Buffer and processed as above for flow cytometric acquisition. Intracellular staining
for Tube 2 is performed as previously described.

In the Pooled-tube approach, the sample is washed, counted and adjusted to 1 x 107
cells/mL. Six replicates for each of the mAb cocktails described in Table 2 are set up. To
each tube 200 pL of washed sample are added and the cells are incubated, lysed, and washed
as described in the routine assay above. During the last wash, the cells from replicate
samples are combined for flow cytometric acquisition. Intracellular staining is separately
performed on the pooled sample.

Either method is satisfactory and capable of staining a sufficient number of cells to easily
acquire 5 x 108 events. The major advantage of the Pre-lysis approach is that while it
requires more mAb than conventional staining to achieve saturation of the cells, it does not
require as much mAb as the Pooled-tube approach. The advantage of the Pooled-tube
method is that it more readily fits into the standard workflow of a laboratory. The Pre-lysis
method can adversely impact surface staining of some antigens particularly CD138 and may
facilitate the breakdown of some tandem dyes. Ficoll Hypaque enrichment must never be
used as it may significantly reduce PC numbers and it accelerates antigen loss from PCs,
especially CD138128; in addition, it will compromise PC quantitation due to differential cell
enrichment during gradient density centrifugation.

Assay Sensitivity Metrics and Reporting

We (submitted] and others120 have clearly established that the more events that are acquired,
the more sensitive the assay becomes, and the higher the predictive value for PFS. In most
clinical laboratories, the detection sensitivity of MFC to identify neoplastic PCs in the bone
marrow ranges from 107 (1 in 10,000 cells) to 107> (1 in 100,000 cells).}2” Even though
multicenter data has demonstrated that a minimum detection sensitivity of 0.01% is of clear
prognostic value for MRD monitoring by MFC, it is evident that as assay sensitivity has
increased, so has the correlation between MRD status and clinical outcomes. Today a
minimum sensitivity of 0.001% is the accepted norm and the threshold for abnormal PCs
used in the determination of MRD ranges from 20 — 100 cells.12! There are numerous
studies demonstrating that 20 events are a conservative value for the smallest number of a
homogeneous and clustered population of cells that can be reliably detected by an
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experienced cytometrist.128.129 Using this value, the limit of detection (LOD) is calculated
as:

20 ; Events
LOD ;= : ; 100
’ < Total ; Number ; of ; Events) x;100%
For example, if the minimum threshold for is 20 events and 5 x 108 ‘Total Leukocytes’ are
acquired, then the LOD is 0.0004%. It is generally accepted that between 50 - 100 events
represent the minimum number of events required to accurately quantify a cell
population139:131 Thuys, the lower limit of quantification (LLOQ) is calculated as:
50 ; Events
LLOQ= : ;100
@ <T0tal ; Number ; of ; Events) s &

If 50 events represent the LLOQ threshold and 5x10° ‘Total Leukocytes’ are collected, then
the LLOQ is 0.001%. Regardless of the theoretical values for LOD and LLOQ), the College
of American Pathologists requires that each laboratory experimentally confirm these values
in their assay.
Finally, it is important that a PCD MRD report contain the following information:

. The number and percentage of normal and abnormal PCs

. The LOD, LLOQ, or both

. Optionally the total number of leukocytes evaluated after excluding doublets and

debris
. The phenotype of the abnormal cells
. A statement about the quality of the bone marrow aspirate (ie hemodilution and
viability as necessary)
DISCUSSION

PCD is a heterogeneous disease with a spectrum of severities and clinical outcomes. While
overall it is not a prevalent form of cancer, PCDs represent the second most-common
hematological disorder and the focal, anatomically-isolated nature of the neoplasm
constitutes a considerable challenge for medical practice. A relatively large percentage of
patients with PCDs exhibit indolent forms of the disease (e.g. MGUS), however many suffer
with aggressive malignancy (e.g. multiple myeloma or plasma cell leukemia) which
manifests with symptoms of organ failure, bone destruction, and perturbed hematopoiesis.
Most types of PCD are developed after affinity maturation has already taken place, as the
genetic sequences of myeloma cells have been found to be consistently hypermutated, and
exhibit phenotypic features similar to those of long-lived PCs.132-134 The oversecretion of
M protein, the elevated percentage of plasma cells in the bone marrow, and the presence of
organ damage are typically considered when determining the specific subtype of PCD.
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The various manifestations of PCD require different treatment regiments. Historically, many
patients respond to first-line agents, however most become refractory to therapy and
eventually relapse. The treatment of multiple myeloma has evolved significantly over time.
Initial therapies developed in the 1960s involved the use of hematopoietic stem cell
transplants (HSCT) along with chemotherapeutic agents such as melphalan, vincristine,
doxorubicin, or cyclophosphamide in combination with prednisone. While these treatments
modestly improved patient survival, their efficacy was limited due to the low mitotic index
of PCS.135_137

Based upon these findings, alternative systemic approaches to the treatment of PCDs were
explored; primarily involving the use of thalidomide, which functions as an inhibitor of
angiogenesis and also acts as an immune modulator by opposing the activity of IL-6. This
cytokine otherwise promotes the survival of malignant plasma cells by upregulating cell
adhesion molecules, tumor promoting cytokines, and down-regulating tumor suppressor
proteins. Modest success with this approach eventually led to the development and
implementation of the next generation of therapies. Such drugs include bortezomib (a
selective proteosome inhibitor), dexamethasone (an anti-inflammatory agent), and the
thalidomide analogue lenalidomide (an immune modulator and anti-angiogenic) which
further extended OS in treated patients. When these medicines were employed in concert
with HSCT, OS increased to an unprecedented, but still grim 5 years for 45% of multiple
myeloma cases.138

The conventional medical age has added targeted therapies to the armamentarium of drugs
used to treat PCDs. Immunotherapeutic agents such as anti-PD-1 (CD279), anti-PD-L1
(CD274), and anti-CD38 (daratumumab) have been employed; with their successes driving
the development of additional immunotherapies.13? These novel therapeutics are quickly
advancing but their mainstream transition has been limited because randomized Phase 3
clinical trials take years to show benefits when PFS and OS are used as study endpoints.
55,115-118 Dye to the long latency between drug development and the approval to be
considered as therapeutic options, the measurement of MRD by MFC as an independent
method to predict PFS and OS for patients diagnosed with PCD has been employed.119:120
All flow cytometric studies to date have strongly correlated the measurement of MRD with
PFS and OS at the Day 100 time point, reducing from years to months the time required to
reach meaningful clinical outcomes 121-124

While the use of mADbs to target cell surface molecules on PCs has expanded as an
innovative therapeutic choice, their use can obstruct the detection of PCs by MFC.
Daratumumab and isatuximab can impair the measurement of CD38,7%:139 |ikewise
indatuximab ravtansine may interfere with CD138 detection.139 Even though the discovery
of these mADb therapies offer a new avenue by which we can approach the detection of
multiple myeloma, they have made the search for alternative markers to identify both normal
and neoplastic PCs by MFC a priority.140 Independent investigators have reported the
expression of CD54, CD229, CD269, and CD319 to be valuable for this purpose.54:141.142 |
particular, CD269 and CD319 were found to be more versatile markers and withstood
storage longer than CD138.141 1t will be interesting to see how these markers can be
integrated into the clinical test setting of MRD by MFC.
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Besides MFC, alternatives for the detection of multiple myeloma MRD are ASO-gPCR and
NGS whose assay performance characteristics are contrasted in Table 5. Before NGS, ASO-
gPCR was regarded as one of the most sensitive assays to detect PCDs with a sensitivity
limit of 1075 to 1076.127 ASO-gPCR involves the design of specific primers complementary
to the clonal rearrangement in the CDR genes of mature B cells. Puig and colleagues!43
analyzed data from three consecutive myeloma trials that utilized both ASO-gPCR and 4-
color MFC to evaluate the MRD negativity and clinical outcome in 170 patients. The results
showed both technologies correlated well with MRD-negativity to predict PFS and OS.
However, 58% of the patients could not be evaluated by ASO-gPCR due to the failure of
clonal detection, unsuccessful sequencing, or suboptimal performance of primer or probe
sets. These technical shortcomings are due to the highly mutated CDR region, as well as the
heterogeneous infiltration of disease into the marrow.143:144 As a potential solution,
personalized primer and probe sets are required to detect the somatic-mutated sequence for
each patient. Therefore, this finding suggests that even though ASO-gPCR is sensitive and
specific, it is only applicable to a subset of patients. Furthermore, it may be more laborious
and time-consuming that MFC, indicating that MFC is probably a more practical and
feasible tool for routine MRD assessment than ASO-qPCR.34

The other approach to MRD detection is NGS. When compared to ASO-gPCR, both
technologies have a similar detection sensitivity of 107, but under ideal circumstances NGS
may detect as few as 1 neoplastic cell in a million. NGS also has the advantage of being
applicable to more patients, as it does not require patient-specific primers.145.146 |n a study
conducted by Martinez-Lopez and colleagues, 147 patients who were MRD-negative by NGS
had a longer PFS and increased OS. Summarily, the concordance rate between NGS and
MFC, and also NGS and ASO-qPCR were 83% and 85%, respectively. As myeloma cells
become rarer, NGS is better than MFC for detecting MRD but it has the disadvantage of
being susceptible to the evolving heterogeneity of myeloma commensurate with therapy. A
recent study published by Munshi and colleagues4® suggested that several evolved
clonotypes were measured in 37.6% of the post-treatment multiple myeloma samples which
could confound the ability of NGS but not MFC to detect MRD. NGS remains the least
studied MRD testing modality and continued clinical correlations will be required before
widespread adoption is possible.

Multiple MFC consensus panels have been proposed in the last two decades, but they
typically included largely overlapping lists of CD markers for each disease category.
Virtually all consensus proposals lack information about reference antibody clones for the
proposed CD markers and they only provide limited information on the most appropriate
combinations of relevant markers for multicolor mAb panels. In 2013, the ICCS Multiple
Myeloma MRD Consensus Group was formed and tasked with the development of
consensus documents for the detection of MRD by MFC. These documents were reviewed
with the FDA in March 2014 and published in January 2015. It was proposed that MRD
testing by flow cytometry needs to be integrated now into the response criteria for multiple
myeloma and determined that for regulatory approval, a surrogate must be shown to be
reasonably likely to predict clinical benefit. This has already been accomplished by Paiva
and colleagues!?# and Rawstron and colleagues®8. Therefore, the FDA concluded that
“MRD assessment in multiple myeloma has the potential to be a surrogate clinical endpoint
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that could be used to support regulatory purposes for drug review” with a standardized

ap

proach.149 Therefore, there is an urgent need for adoption of consensus protocols within

the multiple myeloma community for inclusion of MRD negativity by MFC as a surrogate

en

dpoint in clinical trials.
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Key Point

. Plasma cell dyscrasia is a hematological disorder in which normal plasma
cells become transformed in the bone marrow and soft tissues

. Multiparametric flow cytometry is a reliable tool to evaluate plasma cell
dyscrasias
. Flow cytometry is a high sensitivity assay that can be used to detect minimal

residual disease which has been shown to correlate with progression-free
survival and overall survival
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Figure 1. Signal-to-noise ratio performance assessment strategy for mAbs
The strategy to assess the performance of each mAb in the PCD panel relies on defining a

negatively and positively staining population for each mAb. These populations are defined in
Table 3. Next, the median fluorescence intensity (MFI) is determined for each population
and the signal-to-noise ratio calculated by dividing the positive population’s MFI by the
negative population’s MFI. To qualify as an acceptable mAb, the calculated signal-to-noise
value should be greater than the recommend value in Table 4. Panel 1A: For CD45,
erythroid precursors are used as the negative population defined as SSC!°/CD45~ events (r1:
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yellow dots and corresponding histogram) and T cells as the positive population defined as
CD45P/SSC!0 (r2) and CD197/CD56~ events (r3: black dots and corresponding histogram).
Panel 1B: For CD19, NK cells are used as the negative population defined as CD45P"/
CD56* events (r4: yellow dots and corresponding histogram) and B cells as the positive
population defined as CD19+/CD45"" events (r5: black dots and corresponding histogram).
Panel 1C: For cKappa light chain, cLambda light chain* B cells are used as the negative
population defined as CD45P/SSC-Al° (r6) and CD19*/cLambda light chain* events (r7:
yellow dots and corresponding histogram) and cLambda light chain™ cells as the positive
population defined as CD45P/SSC-Al° (r6) and CD19*/cLambda light chain™ events (r8:
black dots and corresponding histogram). Panel 1D: For CD138 a procedural control for
immunophenotyping, CD-Chex CD103™ Plus cells which contains a CD138 positive
population are spiked into a bone marrow sample. B cells are used as the negative population
defined as CD45P"/CD19* events (r9: yellow dots and corresponding histogram) and spiked
control cells as the positive population defined by FSC-A and SSC-A (r10) and as CD45%m/
CD81" events (r11: black dots and corresponding histogram). Note these data are all gated
on R1 & R2 & R3, ‘Total Leukocytes’ as defined in Fig. 2. In data not shown, for the CD19
negative and positive populations, and CD138 negative population a FSC-A vs SSC-A plot
was used to define lymphocytes.
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Figure 2. Gating strategy used for the identification of normal and abnormal plasma cells
Panel 2A: A rectangular region (R1) is placed on the bivariate plot of Time vs. SSC-A to

circumscribe all events collected in continuity. This dot plot can be used to assess the
chronologic heterogeneity of the acquisition by eliminating any invalid events such as air
bubbles which occur during the run. Panel 2B: Serial gating is performed by applying the
region R1 to a bivariate plot of FSC-A vs. FSC-H. A rhomboid region (R2) is then created to
include the singlet cell population. Caution should be exercised not to exclude hyperdiploid
or tetraploid plasma cells which may exhibit aberrantly high light scatter characteristics.
Panel 2C: Gate a bivariate plot of FSC-A vs. SSC-A on (R1 and R2). An irregular region
(R3) is created to circumscribe the cell population of interest and exclude aggregated events,
debris, and dead and apoptotic events. Create 3 separate bivariate plots (Panel 2D: CD138
vs. CD38), (Panel 2E: CD45 vs. CD38), and (Panel 2F: CD45 vs. CD138). Gate each of
these bivariate plots on ‘Total Leukocytes’ (R1 & R2 & R3). An irregular region (R4) is
drawn on Panel 2D circumscribing the CD138*/CD38* events; another irregular region (R5)
is drawn on Panel 2E circumscribing the CD45*-/CD38* events; a third irregular region
(R6) is drawn on Panel 2F circumscribing the CD45*/CD138" events. CD45 is helpful for
defining PCs and identifying any CD38~ or CD138~ PC populations. The Boolean gate (R1
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& R2 & R3 & R4 & R5 & R6) defines both normal (blue) and abnormal (red) PCs for
subsequent immunophenotyping.
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Figure 3. Immunophenotypic profiles of normal and abnormal PCs
The immunophenotypic profiles of bone marrow from a patient (Panel 3A) with no obvious

hematological disease at testing; (Panel 3B) a patient with PCD; and (Panel 3C) a patient
with multiple myeloma MRD are shown. As PCD is a heterogeneous disease, no single
marker can be reliably used to identify all abnormal cell populations. Instead the
interpretation is based on all the markers included in the analysis. In this example, 6
different bivariate plots that were each separately gated on plasma cells using the strategy
defined in Fig. 2 are shown. Blue: normal plasma cells; Red: neoplastic plasma cells.
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Figure 4. Presence of mast cells, hematogones and erythroid precursors can be used for quality
assessment of bone marrow aspirates

Panel 4A: Mast cells are identified by drawing a rectangular region (R7) to circumscribe
CD277/CD117* events. Panel 4B — C: B cells are first identified by creating a region (R8)
on a bivariate plot of CD56 vs. CD19 to circumscribe CD567/CD19* cells. Then a bivariate
plot of CD45 vs. CD81, gated on R8 and Total Leukocytes is used to define mature and
immature B cells. Hematogones (immature B cells) are defined by R9 as the CD45%im/
CD81P" population. Panel D: Erythroid precursors are defined by R10 on a bivariate plot of
SSC-A vs. CD45 which circumscribes the CD457/dim/SSCIo population. Note: these
histograms are all gated on “Total Leukocytes’ identified using the Boolean strategy (R1 &
R2 & R3) defined in Fig. 2.
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Table 1

Comparison of antigen expression patterns between normal and abnormal plasma cells.

Normal Plasma Cells Abnormal Plasma Cells

Antigen(s)
Expression Level Percentage Expression Level Percentage

(a) Identification of normal and abnormal plasma cells in bone marrow

*cD45 +++ 94% - 73 - 80%
*CcD38 4+ 100% + 80%
CD138 ++ 98% ++ 98%

(b) Markers useful for the distinction of normal and abnormal plasma cells in bone marrow

CD19 ++ >70% - 95%
CD56 - >85% +++ 60 — 75%
CD117 - 100% ++ 30-32%
CD27 +++ 100% -to+ 40 - 68%
CD81 ++ 100% -to+ 55%
CD28 -to+ <15% dim cells +++ 15 - 45%
CD20 - >95% ++ 17 - 30%
CD200 - N/A +++ 70%

+Dimly Positive
++Moderately Positive
+++Strongly Positive
-Negative

*
Can be used to identify and distinguish normal and abnormal plasma cells
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Table 2

Composition of panel used for the characterization of plasma cells

Antigen Fluorochrome  Clone Source
(a) Tube 1
CD138 BVv421 MI15 Becton Dickinson (San Jose, CA)
CD27 BV510 0323 BioLegend (San Diego, CA)
CD38 FITC T16 Beckman Coulter (Brea, CA)
CD56 PE C5.9 Cytognos (Salamanca, Spain)
CD45 PcPCy5.5 HI30 BioLegend (San Diego, CA)
CD19 PECy7 J3-119 Beckman Coulter (Brea, CA)
CD117 APC 104D2 Becton Dickinson (San Jose, CA)
CD81 APC-C750 M38 Cytognos (Salamanca, CA)
(B) Tube 2
CD138 BVv421 MI15 Becton Dickinson (San Jose, CA)
CD27 BV510 0323 BioLegend (San Diego, CA)
CD38 FITC T16 Beckman Coulter (Brea, CA)
CD56 PE C5.9 Cytognos (Salamanca, Spain)
CD45 PcPCy5.5 HI30 BioLegend (San Diego, CA)
CD19 PECy7 J3-119 Beckman Coulter (Brea, CA)
cKappa APC poly Dako (Carpinteria, CA)
cLambda APC-C750 poly Cytognos (Salamanca, Spain)
(C) Tube 3
CD138 BVv421 MI15 Becton Dickinson (San Jose, CA)
Live Dead Aqua - - Thermo Fisher Scientific (Grand Island, NY)
CD38 FITC T16 Beckman Coulter (Brea, CA)
CD45 PcPCy5.5 H130 BioLegend (San Diego, CA)

Page 37

Abbreviations. APC, Allophycocyanin; APC-C750, Allophycyanin Tandem 750; BV421, Brilliant Violet 421; BV510, Brilliant Violet 510; FITC,

Fluorescein Isothiocyanate; PerCPCy5.5, Peridinin Chlorophyll Cyanine 5.5; PE, Phycoerythrin; PECy7, Phycoerythrin Cyanine 7.
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Table 3

Determination of internal negative and positive populations using bone marrow sample for the selection of
optimal monoclonal antibody combination

Negative Population Positive Population
Tested Markers
Phenotype Generic Name Phenotype Generic Name
CD45 CD457/SSCl Erythroid Cells CD197/CD567/CD45"/SSClo T Cells
CD19 CD45"/CD56*/SSC' NK Cells CD19*/CD45Pr/SScle B Cells
CD27 CD117+/CD45dim Mast Cells CD197/CD567/CD45P/SSC'° T Cells
CDs81 CD45%im/sschi Granulocytes CD197/CD567/CD45P/SSC'° T Cells
CD56 CD19*/CD567/CD45P/SSC'° B Cells CD197/CD56%/CD45P/SSC'° NK Cells
CD117 CD197/CD567/CD45P/SSC'° T Cells CD4549m/CD117* Mast Cells
CD138 CD19*/CD45/SSClo B Cells CD4549im/CD81* Spiked Control?
CD38 CD19*/CD81~ Mature B CD19*/CD81* B-progenitors
cKappa CD19*/CD45"/cLambda*/SSC'®  cLambda* B Cells CD19*/CD45"/cLambda/SSC'®  Lambda™ B Cells
cLambda CD19%/CD45"/cKappa*/SSC'® cKappa® B cells CD19*/CD45"/cKappa/SSC'® Kappa~ B cells

aA procedural control for immunophenotyping, CD-Chex CD103™ Plus (Streck, Omaha, NE) which contains CD138, was spiked into the bone
marrow sample and used as the positive population
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Evaluation of staining performance of monoclonal antibody in the context of multicolor analysis

Table 4

Tested Markers

Evaluated Sample, n&

Signal-to-Noise

Mean + SD Range Recommended
CD45 10 323.7+101 226-573.2 >100
CD19 10 1345+56.6 37.6-215.3 >10
CD27 10 20.7 +6.9 10.3-32.1 >5
CD81 10 253+12.2 11.8-49.4 >5
CD56 10 50.1+25.1 32-114.9 >10
CD117 10 46.1 + 31 15.2-99.9 >10
CD138 10 83.9+46.3 30.9-1443 >10
CD38 10 195+9.8 4.8-36.0 >3
cKappa 10 18+13.2 49-452 >3
cLambda 10 135+54 58-254 >3
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a . . . . . . . .
Ten random patient bone marrow samples received for flow cytometric evaluation which had no evidence of hematological disease by flow
cytometry or histopathological assessment
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Table 5

Comparison of flow cytometry and molecular techniques for MRD analysis in multiple myeloma

Flow Cytometry Molecular Techniques
Parameters 2008 EMN
Consensus (4 -6 2016 1CCS Consensus (2 ASO-gPCR Next-generation Sequencing
8 colors)
colors)
Applicability, % >095 >99 50-90 80-90
LLOQ, % 0.01 >0.001 >0.001 >0.001
Number of cells/Amount of 0.5 x 106 cells/ 2 — 5 x 10 cells/tube 500 ng (1,000,000 14 ug (2,000,000 cells for triplicate
DNA required for LLOQ tube cells for triplicate analysis)
analysis)
LOD, % 0.0040 0.0004 0.0001 0.0001
Reproducibility High High Low High
Pretreatment Evaluation Required Not Required Required Required
Fresh Sample Required, < 48 h old storage Recommended, < 48 h before DNA extraction
Diagnostic Sample Useful, but not required Required
Quantitative Yes No
Sample Quality Assurance Not Required Additional tests are required
Cost Low High (at diagosis) High
Medium (follow-
up)
Turnaround Cantakeuptold Can take several days
Availability Widely-available Intermediate Limited
Harmonization Yes (EMN) Yes (ICCS/ESCCA) Yes Ongoing (EuroMRD)

Abbreviations. ASO-qPCR, allele-specific oligonucleotide real time quantitative polymerase chain reaction; EMN, European Myeloma Network;
ESCCA, European Society for Clinical Cell Analysis; ICCS, International Clinical Cytometry Society; LLOQ, lower limit of quantification;

LOD, limit of detection.
Data from Refs.41,68,122,124,143,145,150-157
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