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� Abstract
Five reference populations in bone marrow specimens were identified by flow cytome-
try using specific combinations of reagents in order define the variation of gene prod-
uct expression intensities both within and between individuals. Mature lymphocytes,
uncommitted progenitor cells, promyelocytes, mature monocytes and mature neutro-
phils can be reproducibly identified as distinct clusters of events in heterogeneous,
maturing bone marrow specimens. Support Vector Machines were used to identify the
reference populations in order to reduce subjective bias in manually defining bound-
aries of these populations since they were not discretely separated from the remainder
of the cells. Reference populations were identified in 50 randomly selected bone mar-
row aspirates obtained over a period spanning 3 years and 6 months from pediatric
patients following chemotherapy for acute myeloid leukemia (AML). The quantitative
expression of gene products (cell surface antigens) and light scattering characteristics
on these stressed specimens were demonstrated to be tightly regulated both within
individuals and between individuals. Within an individual most gene products (CD45,
CD34, CD14, CD16, CD64, CD33) demonstrated limited variability with a standard
deviation of <0.20 log units while CD13 and CD36 exhibited broader variation >0.25
log units. Surprisingly, with the exception of CD33, the variation of the mean intensi-
ties of each antigen between individuals was even less than the variation within an indi-
vidual. These data confirm that the amounts of gene products expressed on normal
developing cells are highly regulated but differ in intensities between different lineages
and during the maturational pathway of those lineages. The amounts of gene products
expressed at specific stages of development of each lineage are a biologic constant with
minimal variation within or between individuals. VC 2016 International Society for Advance-

ment of Cytometry

� Key terms
flow cytometry; bone marrow aspirates; quantitative antigen expression; support vector
machines

INTRODUCTION

HEMATOPOIESIS is a highly regulated, step-wise process in which undifferentiated

hematopoietic stem cells undergo commitment to different lineages and develop into

functional mature cells found in blood, lymph nodes and other tissues (1,2). The

ontology of blood cells present a unique model for understanding the precise nature

of cellular maturation since bone marrow specimens include multiple lineages of

cells in all stages of development. Although much has been elucidated about how

cells regulate turning on and turning off genes, there has been little appreciation for

the regulatory mechanisms that precisely control the quantitative amounts of gene
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products.

The flow cytometric approach “Difference from Nor-

mal”, used to detect response to therapy in patients with leu-

kemia, is based on a precise knowledge of the timing and

quantitative expression levels of surface antigens (gene prod-

ucts) on normal regenerating bone marrow cells (3). This

approach patterns the normal regenerating bone marrow cells

in multidimensional space in order to identify populations or

clusters of events that are at least 0.5 log units disparate from

the nearest normal counterpart (3,4). Low levels of leukemia

cells can thus be identified based on surface gene product

expression patterns that are different from those observed in

normal hematopoiesis. This technique has been applied to

acute myeloid leukemia (AML), acute lymphoblastic leukemia

(ALL), chronic lymphocytic leukemia, chronic myelogenous

leukemia (CML) as well as myelodysplastic syndromes (MDS)

(3–8). The success of a “Difference from Normal” approach is

predicated on understanding the consistent gene product

expression patterns identifiable from individual to individual.

The study of bone marrow specimens is complicated by a

lack of lineage specific markers, especially on the developing

myeloid cells. The same gene products can be identified on

multiple lineages but are often expressed at different intensi-

ties, which also can change with cellular maturation (9). As a

result of this variability, few distinct cell populations form dis-

crete clusters of events within normal regenerating bone

marrow.

Flow cytometry was used to define remission status in

the Children’s Oncology Group Study AAML1031 using the

“Difference from Normal” flow cytometric approach (clinical-

trials.gov/AAML1031). In this manuscript, we focus on the

normal regenerating bone marrow cells, not the residual leu-

kemia. We identify five cell populations that are reproducibly

identifiable within regenerating pediatric bone marrow aspi-

rates. We demonstrate that the intensities of most of the key

gene products expressed on these reference cell populations

are invariant from individual to individual in patients with

stressed bone marrow specimens recovering from chemother-

apy. These results not only support the technical approach to

“Difference from Normal,” but also establish a basic underly-

ing biological principle regarding regulation of amounts of

gene products, defining the variation of gene product expres-

sion within and between individuals.

MATERIALS AND METHODS

Patient Data Set

Pediatric acute myeloid leukemia patients enrolled on

Children’s Oncology Group study AAML1031 (n> 1,000)

were eligible for this study (clinicaltrials.gov/AAML1031). A

total of 77 randomly selected patients from the therapeutic

study who were approximately one-month post chemotherapy

were selected for the current study. The specimens were

required to have excellent specimen quality, limited hemodilu-

tion, and no evidence of residual disease (3,10). The data were

obtained over a period of three years and six months using

three separate flow cytometers, multiple reagent lots and proc-

essed by multiple technicians.

Flow Cytometry

Bone marrow aspirates were collected in heparin (the

preferred anti-coagulant) or EDTA. Specimens were processed

as routine clinical bone marrow aspirates as previously

described (3). Briefly, 100 lL of bone marrow was added to

cocktails of pre-tittered antibodies at room temperature in the

dark. Red blood cells were lysed using 3.5 mL of buffered

NH4Cl (0.83%) at 378C for 5 minutes before centrifugation at

300G. Cells were then washed with 3 mL of phosphate buff-

ered saline containing 2% fetal calf serum and re-suspended

to 0.5 mL in 1% paraformaldehyde for analysis on one of

three FACS Calibur instruments (Becton Dickinson Biosci-

ences, San Jose, CA). 200,000 events were collected for each

tube. The flow cytometers were cross standardized and cali-

brated using RCP-30A and RFP-30A beads (Spherotech, Lake

Forest, IL) with spectral compensation performed using

peripheral blood cells labeled with CD4 (SK3, BD) conjugated

to fluorescein (FITC), phycoerythrin (PE), peridinin chloro-

phyll protein (PerCP) or allophycocyanin (APC). Eight com-

binations of antibodies are presented in Table 1. The 8th tube

was added after the beginning of the study to identify imma-

ture B lymphoid precursors/plasmacytic dendritic cells and

basophils, so this reagent combination was only implemented

in 45 of the 50 patients in the testing cohort.

Reference Populations

An eight tube reagent panel was used to pattern the

development of hematopoietic cells from the hematopoietic

stem cell to mature monocytes, neutrophils, and erythroid

cells in the AAML1031 clinical study (Table 1). A total of 5

reference populations were investigated for this study: lym-

phocytes (Tubes 1–8), uncommitted progenitor cells (Tubes

1–8), promyelocytes (Tube 1), monocytes (Tube 4, Tube 7),

and mature neutrophils (Tube 3), Table 1.

Support Vector Machines

Patients were randomly assigned to training (n 5 27) and

testing (n 5 50) cohorts. An expert-analyst (MRL) classified

the 5 reference cell populations using WinList (Verity Software

Table 1. Monoclonal antibody combinations

FITC PE PERCP APC

Tube 1 HLADR CD11b CD45 CD34

Tube 2 CD36 CD38 CD45 CD34

Tube 3 CD15 CD13 CD45 CD34

Tube 4 CD14 CD33 CD45 CD34

Tube 5 CD7 CD56 CD45 CD34

Tube 6 CD38 CD117 CD45 CD34

Tube 7 CD36 CD64 CD45 CD34

Tube 8 CD19 CD123 CD45 CD34

The monoclonal antibody combinations used for MDF

assessment are listed for each tube. Both CD45 (PerCP) and CD34

(APC) were consistent between all eight antibody combinations.
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House, Topsham, ME) for all patients in both the training and

testing cohorts. All flow-cytometry data were analyzed in log

space, with the exception of forward light scatter (FSC).

Expert-classified cell populations from the cohorts were

exported from Winlist into R software (R Software, Vienna,

Austria). The key reference populations were identified as hav-

ing a distinct clustering of cells that could be identified as a

separate population even if one or more of the parameters

were continuous, i.e. not discrete. In cases where parameters

were continuous, populations were defined to approximate

symmetrical shaped histograms (Fig. 1). A unique Support

Vector machine (SVM) was trained to identify each of the 5

reference populations. Identification of the uncommitted pro-

genitor cell population required 8 separate SVMs, one for

each tube. All SVMs demonstrated strong performance in rep-

licating the gate of an expert while eliminating subjective ana-

lytical bias (Supporting Information Table 1). The

performance of the SVMs to replicate the expert is the basis of

a previous companion article (11).

RESULTS

Five Reference Populations in the Bone Marrow

It is difficult to identify homogenous cell populations

with identical antigenic expression in heterogeneous bone

marrow aspirates. However, by using specific reagent combi-

nations, five key reference cell populations can be distin-

guished. These reference populations serve as guideposts for

the maturational patterns of hematopoietic cells, from the ear-

liest progenitor cells to the most mature cells.

The first reference population, mature lymphocytes (Figs.

1A and 1B), survive standard AML chemotherapies and are

identifiable at relatively high frequency after AML treatment.

The lymphocytes (purple) are identified by high expression of

CD45 and low SSC. The second reference population, uncom-

mitted progenitor cells (red) (Figs. 1C and 1D), include the

most immature cells in the bone marrow. These cells have not

yet expressed cell surface markers that indicate lineage com-

mitment. This unique cell cluster includes hematopoietic stem

cells (HSC) and multipotent progenitor cells, but does not

include lineage specific colony forming cells (12–14). The

uncommitted progenitor cells are identified by high expres-

sion of CD34 and co-expression of CD33 (11,15). The third

reference population, promyelocytes (blue) (Figs. 1E and 1F),

are the most mature normal-counterpart of AML along the

neutrophil pathway. The promyelocytes are identified by high

SSC and a lack of CD11b and HLA-DR expression (1,16). The

fourth reference population, monocytes (green) (Figs. 1G and

1H), are the most mature normal-counterpart of AML along

Figure 1. Identification of reference populations in stressed bone

marrow specimens (all intensity units are in logarithmic scale; all

frequency units are in linear scale). A, B: Mature lymphocytes

were identified based on high expression of CD45 and low

expression of log SSC (Purple). C, D: Uncommitted progenitor

cells were identified by high expression of CD34 and intermediate

expression of CD33 (Red). E, F: Promyelocytes expressed high

levels of SSC (A) without expression of HLA-DR or CD11b (Blue).

G, H: Mature monocytes were defined based on high levels of

CD14 and CD33 (Green). I, J: Mature neutrophils expressed high

levels of SSC as well as CD16 and CD13 (Gold) (The reference

population colors are maintained in subsequent figures).
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the monocytic pathway. The monocytes are identified by high

expression of CD14 with coexpression of CD33 (9,17). The

fifth reference population, mature neutrophils (gold) (Figs. 1I

and 1J), are important to assess hemodilution and to deter-

mine proper maturation to segmented neutrophils (10). The

mature neutrophils are identified by high levels of SSC, CD13,

and CD16.

Each reference population was identified in the test

patient cohort (n 5 50). Four mean and variation characteris-

tics were computed to assess the regulation of multiple gene

products on each reference population, and are described

below and in Supporting Information Figure 1:

1. Parameter mean: the mean surface gene product intensity

of all cells in a given reference population, averaged across

all patients in the test cohort.

2. Within-patient variation: the variation (standard devia-

tion, SD) of surface gene product intensities within one

patient (histogram width, whiskers), averaged over the

entire testing cohort of 50 patients

3. Between-patient variation: the variation (SD) between the

50 patient mean intensities in the test cohort.

4. Replicate variation: the variation (SD) of mean intensity

values between eight replicate assays for the same patient.

Replicate variation was only assessed for CD45, CD34, and

light scatter characteristics, as these parameters were mea-

sured in all eight reagent tubes (Table 1).

Consistency in CD45 Intensity

The intensity of CD45 expression, in combination with

log SSC, provides the most information regarding cell lineage

and maturation compared to any other single surface gene

product in a flow cytometric analysis of bone marrow (18,19).

CD45 means and variation characteristics for lymphocyte,

uncommitted progenitor cell, promyelocyte, and monocyte

reference populations are illustrated in Figure 2. The amount

of CD45 is reproducibly expressed at different levels on each

of the reference populations (Table 2). Lymphocytes have the

highest CD45 expression of the reference populations, fol-

lowed by monocytes, mature neutrophils, promyelocytes, and

lastly uncommitted progenitor cells.

Within each patient, CD45 expression was tightly regu-

lated for each reference population (Fig. 2). Cells belonging to

Figure 2. CD45 intensity variation on reference populations for 50 pediatric bone marrow specimens. A: Variability of CD45 on lympho-

cytes (purple) and uncommitted progenitor cells (red). Each patient has 8 replicates for these two populations. The blue line represents

the parameter mean averaged over all patients. Within patient variability is depicted by the whiskers (61 SD). The average between

patient variability (61 SD) of the means is shown as the green lines. The histogram insert is added as a reference to visually demonstrate

how little variation is observed for CD45 expression on lymphocytes (1 SD 5 0.11 log units). B: CD45 intensity variability for promyelocytes

(blue) and mature monocytes (green) assayed in a single reagent combination. The parameter means are shown as a blue line. Within

patient variability (61 SD) is demonstrated by the whiskers while the between patient variability (61 SD) is depicted by the green lines.
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lymphocyte, uncommitted progenitor cell, promyelocyte, and

monocyte reference populations expressed consistent amounts

of CD45, and within-patient CD45 variation was small (0.11–

0.17 log units) (Table 2). Mature neutrophils had slightly

broader, yet still remarkably consistent, CD45 expression

within each Patient (0.29 log units) (Table 2).

Surprisingly, the between-patient variation of the mean

amount of CD45 for each population was less than the

within-patient variation (Fig. 2, Table 2). Lymphocytes,

uncommitted progenitor cells, monocytes, and promyelocytes

all exhibited particularly tight regulation of mean CD45 inten-

sity between the 50 patients, demonstrating between-patient

variations ranging from 0.08 to 0.10 log units (Table 2).

Mature neutrophils had a slightly broader, but still low,

between-patient variation of 0.18 log units (Table 2).

Since lymphocytes and uncommitted progenitor cells

were identified in each of the eight combinations of reagents,

the replicate variation of mean CD45 intensity was assessed

for these reference populations (Fig. 2). For the 50 test

patients, the replicate variation of CD45 between the eight

assays was 0.017 log units for the lymphocytes and 0.032 log

units for the uncommitted progenitor cells, indicating a highly

reproducible assessment (Table 2).

Consistency of Log SSC

The consistency of log SSC was evaluated for each refer-

ence population, with the promyelocytes exhibiting the high-

est SSC of the reference populations, followed by the mature

neutrophils, the monocytes, the uncommitted progenitor

cells, and the lymphocytes (19) (Fig. 3, Table 2). Within each

patient, cells had consistent levels of granularity (measured by

log SSC) for each reference population (Fig. 3). In each line-

age studied, the within-patient variation of measured SSC was

low (0.14–0.17 log units) (Table 2). Furthermore, the

between-patient SSC demonstrated little variation between

the 50 test patients, ranging from 0.05 to 0.09 log units for the

different reference populations. Finally, replicate variation of

SSC on the lymphocytes (0.02 log units) and uncommitted

progenitor cells (0.053 log units) again demonstrate a highly

reproducible assessment of SSC within the eight assays for

Table 2. Variability of cellular characteristics for reference populations

PARAMETER REFERENCE POPULATION

PARAMETER

MEAN

BETWEEN PATIENT

VARIATION (SD)

WITHIN PATIENT

VARIATION (SD)

REPLICATE

VARIATION (SD)

A. CD45

Lymphocyte 2.79 0.085 0.11 0.017

Uncommitted Progenitor Cells 1.97 0.094 0.17 0.032

Monocytes 2.76 0.088 0.16 NA

Promyelocytes 2.04 0.097 0.11 NA

Mature Neutrophils 2.4 0.18 0.29 NA

B. SSC

Lymphocyte 1.24 0.071 0.14 0.02

Uncommitted Progenitor Cells 1.46 0.09 0.17 0.053

Monocytes 1.86 0.055 0.15 NA

Promyelocytes 2.43 0.054 0.14 NA

Mature Neutrophils 2.32 0.076 0.17 NA

C. CD34

Uncommitted Progenitor Cells 3.14 0.065 0.15 0.032

D. CD14

Monocytes 2.54 0.062 0.18 NA

E. CD64

Monocytes 2.88 0.11 0.18 NA

F. CD16

Mature Neutrophils 3.07 0.11 0.16 NA

G. CD33

Monocytes 2.74 0.25 0.14 NA

Uncommitted Progenitor Cells 2.13 0.22 0.29 NA

H. CD13

Uncommitted Progenitor Cells 2.26 0.12 0.31 NA

Mature Neutrophils 2.81 0.15 0.26 NA

I. CD36

Monocytes 2.99 0.21 0.33 NA

Parameter mean, between-patient variation (1 SD), and within-patient variation (1 SD) values are reported for CD45 (A), SSC (B),

CD34 (C), CD14 (D), CD64 (E), CD16 (F), CD33 (G), CD13 (H), and CD36 (I) for the reference populations. All values are reported in log units.

NA indicates that the replicate variation was not assessed because the reference population was only identified in one combination of

reagents.
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each patient. As granularity is a difficult metric to calibrate in

setting up of a flow cytometer, the consistency of such SSC

measurements is particularly impressive.

Normalization of CD45 and Log SSC

Combining CD45 and log SSC defines the position of the

reference populations for 50 normal-but-stressed bone mar-

row specimens over a greater than three-year period (Fig. 4A).

An ellipsoid represents the location of each reference popula-

tion, and illustrates the variation in mean intensity of CD45

(y-dimension, 6 2 SD) and SSC (x-dimension, 6 2 SD)

between patients for each studied lineage. The locations of

these clusters are the basis of CD45 and log SSC identification

of “Normal Positions” using the CD45 gating procedure (19).

In an attempt to more precisely define the position of

each reference population in CD45 vs SSC, a normalization of

intensities relative to the included mature lymphocytes was

performed. The mean lymphocyte-population intensity for

each patient can be translated to a single location. Each corre-

sponding reference population for that patient can then be

translated by an identical vector in both the CD45 and SSC

dimensions, thereby normalizing the positions of all popula-

tions to that of the lymphocytes (Figure 4B). The boundaries

(6 2 SD) of the uncommitted progenitor cells, promyelocytes,

monocytes, and mature neutrophils can be visualized before

and after normalization. After normalization, the dispersion

of the uncommitted progenitor cells and promyelocytes dra-

matically decrease. The positions of the monocytes and

mature neutrophils do not change as dramatically after nor-

malization to the lymphocytes.

Consistency of Other Gene Products (CD13, CD14,

CD16, CD33, CD34, CD36, and CD64)

The consistency of gene product expression can be fur-

ther examined by studying the variability of additional gene

products on these reference populations. CD34 intensity on

progenitor cells is a particularly important parameter for

identifying populations of neoplastic myeloid cells after che-

motherapeutic treatment. CD34 intensity was high on the

uncommitted progenitor cells, (3.14 log units) (12) (Fig. 5A).

Within each patient, the variation in CD34 intensity was low

(within-patient variation 5 0.15 log units) (Table 2). Again,

the variation in mean CD34 intensity between patients (0.065

log units) was less than the within-patient variation. Within

the eight replicate assays, the variability in the mean intensity

of this antigen averaged 0.032 log units. In contrast to the

Figure 3. Side scatter (SSC) variation for reference populations in 50 pediatric bone marrow specimens. A: Variability of SSC is displayed

for lymphocytes (purple, with replicates) and monocytes (green). The parameter means are shown as a blue line. Within patient variability

(61 SD) is demonstrated by the whiskers while the between patient variability (61 SD) is depicted by the green lines. B: Variability of

uncommitted progenitor cells (red, with replicates) and promyelocytes (blue). The parameter means are shown as a blue line. Within

patient variability (61 SD) is demonstrated by the whiskers while the between patient variability (61 SD) is depicted by the green lines.
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consistency of quantitative CD34 expression, the proportion

of uncommitted progenitor cells was highly variable from

individual to individual (Fig. 5A, lower line) and ranged from

0.3% to 5.3% of total events in each specimen.

The intensities of CD14 and CD64 on mature monocytes

as well as the intensity of CD16 on mature neutrophils also

exhibited a low level of variability (Table 2). Each of these

antigens was tightly regulated within each individual Patient

(0.16 to 0.18 log units). Likewise, the mean intensity of these

antigens was reproducible between patients, with low

between-patient variation (0.06 to 0.11 log units).

In contrast, the variability of CD33 intensity on the

mature monocytes showed a different pattern of expression

compared to CD45, CD34, CD14, CD16, CD64 and log SSC

(Table 2). The within patient variability was low (0.14 log

units) while the between patient variation was large in com-

parison (0.25 log units). Five out of the fifty patients in the

test cohort had dramatically lower CD33 expression (Fig. 5C).

High between-patient CD33 variability was also observed on

the uncommitted progenitor cells (Table 2) and the intensities

varied in concert with the expression on the monocytes (Sup-

porting Information Fig. 2).

Two other antigens in this study (CD13 and CD36)

showed a broader distribution within individuals compared to

the other studied gene products. CD13 was quantified on

both the uncommitted progenitor cells and the mature neu-

trophils while CD36 was identified on the mature monocytes

(Table 2). The within-patient variation in CD13 intensity was

high for the uncommitted progenitor cell population (0.31

log units) and the mature neutrophils (0.26 log units) com-

pared to other studied gene products. However, CD13 dem-

onstrated much lower between-patient variation on the two

cell lineages (0.12 log units and 0.15 log units, respectively).

Similarly, the within-patient variation of CD36 on the mature

monocytes was 0.33 log units while the between patient varia-

tion was 0.21 log units (Table 2). These data indicate that the

regulation of amount of CD13 and CD36 within an individual

is not as restrictive as the other cell surface gene products,

however, the between patient variation remained less than the

within patient variation.

DISCUSSION

The detection of abnormal cell populations based on

“Difference from Normal” requires a precise knowledge of

gene product expression during hematopoiesis (3). Defining

normal gene product expression patterns is predicated on

both consistent gene product expression from individual to

individual and a stable analytic platform in which to detect

cellular characteristics on stressed cells. By assaying the quan-

titative expression of multiple gene products on individuals

recovering from chemotherapy over a several year period, it is

possible to precisely define the variation observed for each

gene product in a routine clinical setting. By knowing the var-

iance within and between patients for the expression of mye-

loid gene products on normal regenerating cells, the

boundaries of what is “abnormal” can be more precisely

defined.

The lack of variability of intensity measurements in this

study confirms the underlying principle that the amounts of

gene products are precisely regulated during normal matura-

tion and that these amounts are invariant from individual to

individual. Each gene product is regulated around a mean for

each cell type and maturational stage. The within patient vari-

ability is a measure of how tightly the cells regulate around

the mean for a specific cell population. The between patient

variability measures how much this mean changes from

Figure 4. CD45/log SSC relationships for reference populations for 50 pediatric bone marrow specimens. A: The CD45 vs. SSC position of

mature lymphocytes (purple), uncommitted progenitor cells (red), mature monocytes (green), promyelocytes (blue), mature neutrophils

(gold). The dashed ovals represent the between patient variability of CD45 (6 2 SD, y-axis) and SSC (6 2 SD, x-axis). B: Normalization of

the position of the reference populations to lymphocytes. The lymphocytes (purple) were moved to the same location and the correspond-

ing positions of the other reference parameters were also translocated using the same vector for each patient. The solid ovals represent

the variation of the normalized positions in the CD45 dimension (62 SD, y-axis) and the SSC dimension (62 SD, x-axis).
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individual to individual. By focusing on this multilevel varia-

tion of each of the cellular characteristics, the precision of reg-

ulation of these processes can be discerned. Most previous

studies of antigenic quantitation have focused on defining the

average amount of specific gene products on mature lym-

phoid and myeloid cells found in blood (17,20–22). These

studies have not extensively examined the variance around the

means or the consistency from individual to individual. By

extending the analysis of variance to myeloid cells in bone

marrow the precise regulation during the developmental pro-

cess can also be elucidated.

Some gene products are tightly regulated demonstrating

a within patient variation of <0.2 log units (CD45, CD34,

CD14, CD33, CD16, CD64), while others exhibit a broader

variation of >0.25 log units (CD13, CD36). With the excep-

tion of CD33, the variation around this mean observed within

individuals is greater than the variability of these means from

individual to individual. For most gene products the amount

Figure 5. Variation of intensities of CD34, CD14, and CD33 on 50 pediatric bone marrow specimens. A: CD34 variation on uncommitted

progenitor cells showing 8 replicates, within patient variation (whiskers), between patient variation (green lines) and parameter mean

(blue line). The proportion of uncommitted progenitor cells is variable (black lower line). Frequency is depicted on the y-axis on the right

side of the plot. B: CD14 expressed on mature monocytes showing the within patient variation (whiskers), between patient variation

(green line) and parameter mean (blue line). C: CD33 expression on mature monocytes shows tight within patient variation (whiskers) but

broader between patient variation (green line).
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of the proteins expressed on the cell surfaces are a biological

constant with precise quantitative regulation.

Both CD45 and log SSC for each reference population

was surprisingly constant within and between individuals

(22). Normalization of CD45 and log SSC to the mature lym-

phocytes reduced the variability from individual to individual

almost in half for some reference populations. This suggests

an even tighter regulation of these two parameters on different

cell lineages than the statistics indicate. Slightly higher or low-

er expression of CD45 or SSC on the lymphocytes is reflected

on both the uncommitted progenitor cells and the promyelo-

cytes. Normalization to lymphocytes does not dramatically

change the relative positions of the mature monocytes or

mature neutrophils in these patients. This finding may indi-

cate that mature, non-dividing cells (mature monocytes and

neutrophils) may not exhibit as precise a regulation of these

parameters as those more immature forms that are undergo-

ing maturation and cell division.

It is remarkable that the intensity of CD34 of the uncom-

mitted progenitor cells in stressed bone marrows is also invari-

ant from individual to individual. The proportions of these

cells, however, do change dramatically from individual to

individual. The rate of hematopoietic reconstitution (cell

number) post chemotherapy may be variable, however the

pathway of cells progressing from the hematopoietic stem cell

through the committed progenitor cell to the mature blood

cell with respect to quantitative gene product expression

remains fixed, permitting the identification of abnormal cells

in a background of regenerating normal cells. Each gene prod-

uct must be properly expressed at each time point for the cells

to continue proper maturation.

CD33 was the only antigen studied that demonstrates a

higher variability between individuals than within individuals.

The amount of CD33 expressed on mature monocytes show a

tight distribution, with an average within patient variation of

0.14 log units. The variation of means between individuals is

nearly double that value, 0.25 log units, with 5 of 50 individu-

als expressing this antigen at almost one full log decade in

reduced intensity. Interestingly, the intensity of CD33 on

uncommitted progenitor cells and mature monocytes fluctu-

ate together (Supporting Information Fig. 2). Although there

is an underlying difference in total amount of CD33 for differ-

ent individuals, the relative amounts (ratios) of this gene

product expressed during maturation on different lineages

remains constant. CD33 intensity has been previously

reported to be variable and to correlate with disease outcome

in patients treated with a drug antibody conjugate (23).

Early studies of quantitative gene product regulation

were performed on cloned cell lines in which cells with the

highest and lowest 10% of cell surface antigen markers were

sorted and then placed back into tissue culture (24). Both the

bright and the dim cell populations regenerated the entire

original fluorescence distribution, indicating the mean inten-

sity and distribution of expression was an inherent property

of a population of identical cells. Quantifying the within

patient variability for gene product expression on the refer-

ence populations parallels these earlier experiments, and

suggests that each individual cell can detect the amount of

gene product on the surface and proceed to up or down regu-

late this amount. For many gene products this variability is

minimal while for other gene products (such as CD13 and

CD36) the regulation is not as stringent. The current data sug-

gest that the target means change during development, how-

ever, they are the same from individual to individual for

identical cell populations.

In retrospect, this concept is not surprising since each

maturing cell must have the appropriate relationships between

multiple gene products in order to either mature properly or

to function as a mature cell. Without precise regulation of the

amounts of gene products, cells would not be able to develop

properly (as observed in acute leukemia) or would not be able

to function properly once they are released out of the bone

marrow (2,25). The mechanism for maintaining the precise

amounts of gene products on these developing cells is

unknown. Studies investigating these regulatory mechanisms

require examining normal developing cell systems, since tissue

culture cell lines derived from neoplastic cells have lost the

precise regulation observed in normal maturing cells.

In this manuscript, we present a formal quantification of

the amount of surface gene products expressed on normal

developing cells in a controlled study of pediatric patients

which provides the foundation of the “Difference from Nor-

mal” approach for detection of phenotypically aberrant cell

populations. In the next companion manuscript, we identify

the same reference populations in an adult cohort and show

that gene product expression is invariant with age (26).

LITERATURE CITED

1. Loken MR, Terstappen LW, Civin CI, Fackler M. Flow cytometric characterization of
erythroid, lymphoid, and monomyeloid lineages in normal human bone marrow. In:
Laerum O, Bjerknes R, editors. Flow Cytometry in Hematology. New York: Academic
Press; 1992. p 31–42.

2. Loken MR, Wells DA. Normal antigen expression in hematopoiesis: Basis for inter-
preting leukemia phenotypes. In: Stewart CM Nicholson J, editors. Immunopheno-
typing. New York: Wiley Liss; 2000. p 133–160.

3. Loken MR, Alonzo TA, Pardo L, Gerbing RB, Raimondi SC, Hirsch BA, Ho PA,
Franklin J, Cooper TM, Gamis AS, et al. Residual disease detected by multidimen-
sional flow cytometry signifies high relapse risk in patients with de novo acute mye-
loid leukemia: A report from Children’s Oncology Group. Blood 2012;120:1581–
1588.

4. Wells DA, Sale GE, Shulman HM, Myerson D, Bryant EM, Gooley T, Loken MR.
Multidimensional flow cytometry of marrow can differentiate leukemic from normal
lymphoblasts and myeloblasts after chemotherapy and bone marrow transplantation.
Am J Clin Pathol 1998;110:84–94.

5. Shulman HM, Wells DA, Gooley T, Myerson D, Bryant E, Loken MR. The biologic
significance of rare peripheral blasts after hematopoietic cell transplantation is pre-
dicted by multidimensional flow cytometry. Am J Clin Pathol 1999;112:513–523.

6. Bradfield SM, Radich JP, Loken MR. Graft-versus-leukemia effect in acute lympho-
blastic leukemia: the importance of tumor burden and early detection. Leukemia
2004;18:1156–1158.

7. Sorror ML, Maris MB, Sandmaier BM, Storer BE, Stuart MJ, Hegenbart U, Agura E,
Chauncey TR, Leis J, Pulsipher M, et al. Hematopoietic cell transplantation after
nonmyeloablative conditioning for advanced chronic lymphocytic leukemia. J Clin
Oncol 2005;23:3819–3829.

8. Sala-Torra O, Hanna C, Loken MR, Flowers ME, Maris M, Ladne PA, Mason JR,
Senitzer D, Rodriguez R, Forman SJ, et al. Evidence of donor-derived hematological
malignancies following hematopoietic stem cell transplantation. Biol Blood Bone
Marrow Transplant 2006;12:522–527.

9. Terstappen LW, Loken MR. Myeloid cell differentiation in normal bone marrow and
acute myeloid leukemia assessed by multi-dimensional flow cytometry. Anal Cell
Pathol 1990;2:229–240.

10. Loken MR, Chu SC, Fritschle W, Kalnoski M, Wells DA. Normalization of bone mar-
row aspirates for hemodilution in flow cytometric analyses. Cytometry B 2008;76B:
27–36.

11. Voigt AP, Brodersen LE, Pardo L, Meshinchi S, Loken MR. Consistent quantitative
gene product expression” #1. Automated identification of regenerating bone marrow

Original Article

Cytometry Part A � 00A: 00�00, 2016 9



cell populations using support vector machines. Cytometry A 2016; (in press). DOI:
10.1002/cyto.a.22905.

12. Terstappen LW, Huang S, Safford M, Lansdorp PM, Loken MR. Sequential genera-
tions of hematopoietic colonies derived from single nonlineage-committed
CD341CD38- progenitor cells. Blood 1991;77:1218–1227.

13. Olweus J, Lund-Johansen F, Terstappen LW. CD64/Fc gamma RI is a granulo-
monocytic lineage marker on CD341 hematopoietic progenitor cells. Blood 1995;
85:2402–2413.

14. Olweus J, Tompson PA, Lund-Johansen F. Granulocytic and monocytic differentia-
tion of CD34hi cells is associated with distinct changes in the expression of the
PU.1-regulated molecules, CD64 and macrophage colony-stimulating factor recep-
tor. Blood 1996;88:3741–3754.

15. Civin CI, Banquerigo ML, Strauss LC, Loken MR. Antigenic analysis of hematopoie-
sis. VI. Flow cytometric characterization of My-10-positive progenitor cells in nor-
mal human bone marrow. Exp Hematol 1987;15:10–17.

16. Terstappen LW, Safford M, Loken MR. Flow cytometric analysis of human bone mar-
row. III. Neutrophil maturation. Leukemia 1990;4:657–663.

17. Terstappen LW, Hollander Z, Meiners H, Loken MR. Quantitative comparison of myeloid
antigens on five lineages of mature peripheral blood cells. J Leukoc Biol 1990;48:138–148.

18. Shah VO, Civin CI, Loken MR. Flow cytometric analysis of human bone marrow. IV.
Differential quantitative expression of T-200 common leukocyte antigen during nor-
mal hemopoiesis. J Immunol 1988;140:1861–1867.

19. Stelzer GT, Shults KE, Loken MR. CD45 gating for routine flow cytometric analysis
of human bone marrow specimens. Ann NY Acad Sci 1993; 677:265–280.

20. Poncelet P, George F, Papa S, Lanza F. Quantitation of hemopoietic cell antigens in
flow cytometry. Eur J Histochem 1996; 40(Suppl 1):15–32.

21. Poncelet P, Besson-Faure I, Lavabre-Bertrand T. Clinical Applications of Quantitative
Immunophenotyping. In: Laerum O, Bjerknes R, editors. Flow Cytometry in Hema-
tology. New York: Academic Press; 1992. p 105–132.

22. Hoffman RA, Recktenwald DJ, Vogt RF. Cell-associated receptor quantification. In:
Bauer KD, Duque RE, Shankey TV, editors. Clinical Flow Cytometry, Principles, and
Application. Baltimore, MF: Williams & Wilkins; 1993. p 469–477.

23. Pollard JA, Loken MR, Gerbing RB, Raimondi SC, Hirsch BA, Aplenc R, Bernstein
ID, Gamis AS, Alonzo TA, Meshinchi S. CD33 Expression and its association with
gemtuzumab ozogamicin response: Results from the randomized phase III Children’s
Oncology Group Trial AAML0531. J Clin Oncol 2016;34:747–755.

24. Loken MR, Leibson PJ, Schreiber H. Heritable and non-heritable variations in the
phenotype of myeloma cells as detected by a fluorescence-activated cell sorter.
J Histochem Cytochem 1979;27:1647–1648.

25. Loken MR, Wells DA. The role of flow cytometry in myelodysplastic syndromes.
J Natl Compr Canc Netw 2008;6:935–941.

26. Loken MR, Voigt AP, Brodersen LE, Fritschle W, Menssen AJ, Wells DA. Consistent
quantitative gene product expression: #3. Invariance with age. Cytometry A 2016; (in
press). DOI: 10.1002/cyto.a.22997.

Original Article

10 Invariant Gene Product Expression

info:doi/10.1002/cyto.a.22905
info:doi/10.1002/cyto.a.22997

