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Abstract
Background—Single Cell Network Profiling (SCNP) is used to simultaneously measure the
effects of modulators on signaling networks at the single cell level. SCNP-based biomarker assays
predictive of response to induction therapy and relapse risk in AML patients are being developed.
Such assays have typically utilized bonemarrow (BM) as the sample source of blasts. Since
circulating peripheral blasts are detectable in ~65% of AML patients and peripheral blood (PB)
sampling is less invasive than BM sampling, this study was performed to assess the effect of
sample source on AML blasts signaling as measured in SCNP assay.

Methods—SCNP using multiparametric flow cytometry was used to evaluate the activation state
of intracellular signaling molecules in leukemic blasts under basal conditions and after treatment
with modulators in 46 pairs of BM mononuclear cells/PB mononuclear cells. The relationship
between readouts of modulated intracellular proteins (“nodes”) was measured using linear
regression, Bland-Altman method and Lin’s concordance correlation coefficient.

Results—The majority (156/161) of signaling nodes show strong correlations between paired PB
and BM samples independently from the statistical method used. Notable exceptions were two PB
samples with almost undetectable levels of circulating blasts compared to paired BM samples.

Conclusions—Our results demonstrate that specimen source (BM or PB) does not significantly
affect proteomic signaling in patients with AML and circulating blasts. The ability to use PB as a
sample source will facilitate the monitoring of cellular signaling effects following administration
of targeted therapies and at time-points when BM aspirates are not clinically justifiable.

*Corresponding Author: Alessandra Cesano, Nodality Inc., 201 Gateway Boulevard, South San Francisco, CA 94080 Phone: (650)
827-8017, Fax (650) 827-8001, alessandra.cesano@nodality.com.

Conflict of Interest Statement: A. C., D. B. R., P.O., S. P., U. G., and D. C. S. are employees of and holders of equity in Nodality Inc.

NIH Public Access
Author Manuscript
Cytometry B Clin Cytom. Author manuscript; available in PMC 2013 May 01.

Published in final edited form as:
Cytometry B Clin Cytom. 2012 May ; 82(3): 158–172. doi:10.1002/cyto.b.21007.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
cell signaling; acute myeloid leukemia; multiparameter analysis; flow cytometry; standardization;
single cell network profiling; diagnostic; specimen source

INTRODUCTION
Acute myeloid leukemia (AML) traditionally has been classified based on cellular
morphology after examination of bone marrow (BM) aspirate and biopsy specimens,
immunophenotypic characteristics, cytochemistry staining patterns and cytogenetics (1–4).
More recently, molecular markers, such as the presence of either isolated nucleophosmin-1
(NPM1) gene mutations or internal duplications of the FLT3 gene (FLT3ITD) in
cytogenetically normal AML, or the presence of c-kit mutation in the core binding factor
AML subgroup, have been used to further classify AML and inform on the intensity of
consolidation therapy post-remission (5–15). Although these markers offer directionally
predictive information at a population level, their degree of accuracy at the individual
patient level is still suboptimal. Since a wide range of chromosomal, genetic, epigenetic and
other molecular alterations ultimately converge at the level of protein function and cell
signaling pathways, a functional biological characterization of AML based on the analysis of
single cell signaling networks could ultimately provide increased accuracy for identifying
disease heterogeneity and prognosis and for treatment selection.

Single cell network profiling (SCNP) using multiparametric flow cytometry measures
changes in intracellular cell signaling upon exposure of live cells to extracellular modulators
revealing network properties that would not be seen in resting cells (16–19) or in assays
performed on fixed tissues. The potential usefulness of this technology to generate novel and
clinically relevant information has been previously demonstrated (17,20–21). More recently,
SCNP assay was used to predict the likelihood of response to standard induction
chemotherapy in acute myelogenous leukemia (AML) patients (22–24). All together, these
studies demonstrated that functional pathway analysis of leukemic blasts can provide
additional information distinct from other known AML prognostic factors such as age,
secondary AML, cytogenetics, and molecular alterations, and is potentially combinable with
the latter to improve clinical decision making. Therefore, SCNP using multiparametric flow
cytometry is emerging as a valuable tool to inform on therapy outcomes or relapse risks in
both pediatric and adult AML.

The application of SCNP to clinical decision making requires the generation of high-content
SCNP assays with robust, accurate and reproducible results across operators and
instruments. In addition, the assays must be characterized by longitudinal stability, as data
will be compared across sequential pilot studies, training studies, validation studies, and in
clinical patient care as results are delivered to physicians. The pre-analytic, analytic and
post-analytic technical variables likely to play a significant role in SCNP assay performance
and reproducibility have been previously reviewed (25) and include patient specimen source
such as bone marrow mononuclear cells (BMMC) or peripheral blood mononuclear cells
(PBMC).

In approximately two-thirds of AML patients, circulating blasts can be detected in PB
making this sample source an attractive option due to its less invasive acquisition process
compared to BM sampling. However, it is unknown whether or not certain biologic
characteristics of AML blasts (such as cell signaling pathways and sensitivity to cytokine,
DNA damage inducing or apoptosis causing modulators) are different in blasts collected
from the BM samples versus those from the matching PB samples.
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Here we discuss the specific methodology and processes that were implemented to control
for technical assay variability in SCNP with the main objective of the study to examine the
effect of specimen source on proteomic signaling by comparing signaling readouts for viable
paired BMMC and PBMC in a relatively large set of non-M3 AML samples.

MATERIALS AND METHODS
Sample Disposition

This study used cryopreserved samples collected at the time of original AML diagnosis from
subjects enrolled in the Phase 3 trial E3999 conducted by the Eastern Cooperative Oncology
Group (ECOG) between 2003 and 2005. The sample set used for the present study
represents a subset of the subjects enrolled in E3999 which was selected based on the
availability of stored aliquots of PB and BM samples.

In order to be included in the experimental analysis, each of the matched BMMC and PBMC
specimens had to contain a minimum of 2 million viable cells post-thaw. Specimen quality
could only be assessed upon thawing of the sample at assay initiation. Therefore, inclusion
(or exclusion) of samples in the study was determined post thawing and processing.

Supplemental Figure S1 illustrates patient enrollment and sample disposition. The original
protocol stated 49 donors were to be included in the study. Paired BM and PB samples, with
associated clinical data, were available for 46 of the donors. Table 1 summarizes the
baseline characteristics of all 46 donors included in the analysis. After thawing, each sample
was divided into two aliquots which were separately processed to assess assay
reproducibility. Samples from all 46 donors were thawed and processed. To be included in
this analysis, a donor was required to have at least one SCNP assay readout in paired BM
and PB samples. All 46 donors met this criteria and were included in this analysis.

Ethics
In accordance with the Declaration of Helsinki, all patients provided written informed
consent for the collection and use of their samples for research purposes. Institutional
Review Board approval was obtained from Independent Review Consulting, Inc. (Approval
No. 09068-01) on August 31, 2009. Clinical data were de-identified in compliance with
Health Insurance Portability and Accountability Act regulations.

Study Design
This study investigated paired cryopreserved BMMC and PBMC samples from patients at
least 60 years of age who had received cytarabine-based induction chemotherapy for newly
diagnosed non-M3 AML and was performed in a blinded fashion to clinical outcomes. A
paired sample was defined as BMMC and PBMC specimens collected from the same patient
on the same day and prior to the initiation of induction therapy.

The assay measured cell signaling and apoptosis in separate 96-well plates. Figures 1A and
1B illustrate the signaling and apoptosis plate layouts, respectively. Paired BM and PB
samples were tested on the same plate, along with instrument and laboratory work flow
controls (see Experimental Controls below). Plates were processed in duplicate and
repeatability data was analyzed (Figure 1C). Experiments were performed on two
instruments, LSRII (signaling plates) and FACS Canto II (apoptosis plates). Nine donors
were processed per batch, with two samples (BM and PB) per donor. In total, 140 96-well
plates were processed during the 3 week experiment, and data was collected from over 8,024
wells. The signaling and apoptosis plates that were run in duplicate are the focus of this
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analysis and correspond to 161 node-metric calculations (Table 2). The high-throughput
nature of this experiment is illustrated schematically in Figure 1C.

Sample Processing
SCNP Assay—Three groups of measurements were performed for each sample: cell
surface marker expression, intracellular signaling and induced apoptosis (Table 3).
Modulators, antibodies, and reagents were selected based on biological relevance and
performance in previously conducted training studies (data not shown) (22).

SCNP assays were performed as described previously (22). Cryopreserved samples were
thawed at 37°C, washed in RPMI 60% FCS, and purified through ficoll density
centrifugation. Mononuclear cells were washed in RPMI 1% FBS before staining with Aqua
Viability Dye to distinguish non-viable cells. Cells were then counted, re-suspended in
RPMI 10% FBS, aliquoted to 100,000 cells/condition, and rested for 2 hours at 37°C. For
apoptosis assays, cells were incubated for 24 hours with cytotoxic drugs (e.g., etoposide or
Ara-C and daunorubicin) and re-stained with Aqua Viability Dye. For signaling assays, cells
were incubated with modulators (Table 4A) at 37°C for 15 minutes. After exposure to
modulators, cells were fixed with 1.6% paraformaldehyde (final concentration) for 10
minutes at 37°C, pelleted and permeabilized with 100% ice-cold methanol, and stored at
−80°C overnight. Subsequently, cells were washed with FACS buffer (PBS, 0.5% BSA,
0.05% NaN3), pelleted, and stained with cocktails of fluorochrome–conjugated antibodies
(Table 4B). These cocktails included antibodies against 2 to 5 phenotypic markers for cell
population gating (e.g., CD45, CD34, CD11b, CD15) and up to 3 antibodies against
intracellular signaling molecules or against surface markers for an 8-color flow cytometry
assay. Isotype controls or phosphopeptide blocking experiments were performed to
characterize each phospho-antibody (data not shown). The laboratory process was carried
out in parallel for all BMMC and PBMC paired samples.

Flow Cytometry Data Acquisition and Analysis—Flow cytometry data was acquired
on an LSR II and/or CANTO II flow cytometer using the FACS DIVA software (BD
Biosciences, San Jose, CA) and standardized using methods described previously (26). All
flow cytometry data were gated with WinList (Verity House Software, Topsham, ME). Dead
cells and debris were excluded by forward scatter, side scatter, and Amine Aqua Viability
Dye measurement. Leukemic cells were identified as cells that fit the CD45 versus right-
angle light-scatter characteristics consistent with myeloid leukemia blasts and that lacked the
characteristics of mature lymphocytes, as described previously (22,27).

Metrics
In SCNP assay terminology a “signaling node” is used to refer to a proteomic readout in the
presence or absence of a specific modulator. For example, the response to FLT3L treatment
can be measured using p-Akt as a readout. That signaling node is designated “FLT3L → p-
Akt”. The normalized assay readouts for surface and intracellular markers are measured
using two broad classes of calculated metrics that are applied to interpret the functionality
and biology of each signaling node. They are referenced following the node e.g.
“FLT3L→p-Akt | Fold”, “G-CSF→p-STAT5 | Total” or “p-STAT5 | Basal” and defined in
detail below.

Supplemental Figure S2A shows the workflow for calculation of the metrics used to
quantify the assay readouts. In all cases, the raw instrument fluorescence intensities are
converted to calibrated intensity metrics (ERFs, Equivalent Number of Reference
Fluorophores) (26,28–29). The calibration is applied on a plate-by-plate basis using the
rainbow calibration particles as shown in Figures 1A and 1B. This correction ensures that
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data across the plate and between plates are calibrated to the same values, regardless of the
instrument used for acquisition.

Two broad classes of metrics were developed to measure two distinct functional aspects of
signaling proteins. The Fold Metric Class measures the magnitude of the responsiveness of a
cell population to modulation relative to the same cell population in the reference well (i.e.
unmodulated) by comparing the median fluorescence values of the responsive cell
population to that of the reference population on a log2 scale. A value of zero would indicate
overlapping populations and a value different from zero indicates the responsive population
has shifted to higher fluorescence (positive values) or to lower fluorescence (negative
values). The “U” Metric Class measures the fraction or proportion of a cell population that is
responsive to modulation relative to the same population in the reference well by comparing
the overlap of the responsive cellular population relative to the reference population
evaluated on a cell-by-cell basis. This class is mathematically equivalent to an AUC metric
(which is a scaled Mann-Whitney U metric) and is scaled to range from zero to one. For
overlapping populations, roughly half of the cells in the modulated population have higher
intensities than those in the reference population, so the U metric has a value of 0.5. A value
different from 0.5 indicates the responsive population has shifted to higher fluorescence
(values >0.5) or to lower fluorescence (values <0.5). This metric has an upper limit of 1.0,
which represents the situation in which there is no overlap between the modulated and
reference populations.

Examples of both metric classes are presented in Supplemental Figure S2B to highlight the
different and complementary information that the use of both metrics provides. The
annotations in each of the plots show both metric values for different types of responses
routinely seen in SCNP assay results. A summary of the various metrics showing the
experimental and reference populations used for calculations and the relevant biology
captured is shown in Table 2. For the current analysis, a total of 6 metrics were calculated,
resulting in a total of 161 node-metrics.

In addition, for each sample the cell health (Percent Healthy, PH) is measured as the fraction
of leukemic cells that are live and non-apoptotic (i.e., Aqua and c-PARP negative) as a
fraction of the total number of intact cells.

Experimental Controls
Instrument Controls—Linearity verification was performed daily for all fluorescence
detectors on the cytometer using 8 Peak SPHERO™ Rainbow Calibration Particles
(Spherotech, Lake Forest, IL). The slope, intercept and R squared values obtained from the
linear regression were used to standardize, qualify and monitor the instrument during setup.
They were also used to calibrate the raw fluorescence intensity readouts to control for
instrument variability. For this experiment, the CVs of the rainbow particle bead peaks on
both the LSRII and the CANTOII were under 2.1%. The dimmest peaks were not included
in this calculation as they were considered to be near the baseline variance in the instrument.

Cell Line Controls—Three cell lines, GDM-1, U937 and RS4;11 were included as
controls on each plate to ensure consistency in assay performance. Data from previous
experiments show that the modulators used in this study, other than FLT3 ligand, induce
robust signaling in GDM-1 and/or U937 cell lines. FLT3 ligand induces signaling in the
RS4;11 cell line. In combination, the three cell lines provided plate-based controls for all
modulator/antibody readout combinations used in this study. Therefore, these cell lines were
used to identify potential technical variability at the modulation, fixation and staining steps
in the laboratory work flow. The assay performance was measured on the Uu metric (see
above for definition). In this study, CVs below 10% were observed for 49 of 54 (91%)
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signaling nodes and 5 of 8 (62%) apoptosis nodes. Higher variance in the remaining nodes
was attributable to either technical issues such as cytometer clogs or an inherent lack of cell
line responsiveness to specific modulators or poor signaling due to high levels of induced
apoptosis and cell death.

Process Controls—Several data analysis tools were developed to facilitate experimental
setup and data tracking to ensure verification of data integrity at each step in the sample
processing workflow (30). These tools were used to manage the sample, reagent, and
instrument data from initial study design through processing and to un-blinding of clinical
data. Additionally, a set of internal software tools were developed to perform high-volume
gating, to calculate all metrics employed and to allow for data analysis, interpretation, and
visualization. Together these represent significant process efficiency improvements in SCNP
assays.

Sample Quality Assessment
Sample quality was determined by calculation of the percent of cell recovery and percentage
of healthy cells. Samples were thawed and ficolled on the day of the experiment and total
cell number and leukocyte count were determined and compared to the expected number of
cells in the vials, as reported in the sample manifest. The fraction of live, non-apoptotic cells
(Percent Healthy, see metrics) was calculated from the unmodulated wells at the 6 hour
timepoint.

SCNP Assay Repeatability in AML Samples
Assay repeats were run on different plates on the same day. Teams of operators were fixed,
but individual operators could vary for each step in the laboratory work flow. Following
laboratory processing, linear regression and Bland-Altman analyses (31–32) were performed
to assess assay repeatability.

Determining Equivalence between PB and BM
Three analysis methods were utilized to investigate equivalence between paired PB and BM
readouts for signaling nodes, apoptosis nodes and surface markers.

Linear Regression—Linear regression with the BM result as the dependent variable and
the PB result as the independent variable was performed.

Bland-Altman—Using the Bland-Altman method (31–32), the relationship between the
readouts difference (BM−PB) and the readouts average (BM+PB)/2 was determined by
inspecting two plots of the data and by testing the hypothesis that the correlation of (BM
−PB) and (BM+PB)/2 is equal to zero. The difference between BM and PB readouts was
plotted, and the mean difference ± 2 standard deviations was calculated. The fitted
regression line, the identity line (BM=PB), a 95% prediction ellipse about the point defined
by the means of BM and PB sample readouts, and the 95% confidence band about the
regression line were also computed.

Lin’s Concordance Correlation Coefficient—Lin’s concordance correlation
coefficient (33), a measure that incorporates accuracy (distance from the identity line) and
precision (distance of each pair (PB, BM) readout from the best-fit linear regression line),
was computed.
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Identification of Outliers
Outliers were identified by review of linear regression plots. Results that were outside the
95% confidence interval for the linear regression fit were identified as outliers and subject to
follow-up analysis.

Evaluation of the Impact of Sample Quality on Paired BM and PB Readouts Concordance
In order to evaluate the impact of sample quality on paired PB and BM readouts
concordance, regression analysis was performed to include the PH as a covariate as follows:

where:

• PB = Node-metric values for PB samples

• BM = Node-metric values for BM samples

• dPH = Difference in PH between the two tissue types at 6 hours

This analysis used the 6 hour timepoint because PH data was not collected at 0 hours in this
experiment and, based on previous studies (data not shown), the 6 hour timepoint is an
acceptable measure of sample quality (i.e. shows a good correlation with intrinsic cell
capability to respond to modulation). Unfortunately, due to cell number limitation, data for
PH at 6 hours was not available for all samples and therefore, this analysis was performed
only on the subset of samples with paired 6 hour PH data (N=37).

RESULTS
Sample Quality Assessment

We assessed the sample quality as determined by the percent of cell recovery after thawing
(N=46 paired samples) and PH after 6 hours(N=37 paired samples, see metrics section for
definition). A total of 96% of the samples contained sufficient cells to analyze the nodes
listed in Table 3. The median percent recovery, based on reported cryopreserved cell
numbers from the sample manifest, was 51.3%, with a minimum of 1.56% and maximum of
462%. The median PH was 41.6%, with a minimum of 0% and maximum of 83.2%. Of the
37 samples, 6 PB and 9 BM samples had PH<25%. The importance of this observation is
related to the association observed between baseline level of apoptosis and cell signaling
ability; specifically samples with low PH (high levels of apoptosis) displayed poor induced
signaling potential while samples with high PH were shown to display high signaling
potential. Figure 2 shows the relationship between PH and FLT3L-induced signaling of p-S6
using the Fold metric. Samples with low percentage health showed little or no signaling. In
addition, PH at 6 hours is correlated between matched PB and BM samples (Figure 3)
suggesting that similar biology and/or pre-analytical variables influenced samples of both
tissue types for each donor. Overall, these results show the appropriateness of these methods
to measure and control sample quality for inclusions in SCNP assay.

A number of outliers with lower correlation between PB and BM sample quality were
observed (Figure 3). Regression analysis was performed to evaluate the impact of sample
quality on concordance between paired PB and BM signaling (see below).

SCNP Assay Repeatability in AML Samples
Linear regression analysis demonstrated excellent correlation between sample repeats. 78%
(PB) and 68% (BM) of nodes displayed R2>0.80 for the Uu metric (Tables 5A and 5B,
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respectively), and 73% (PB) and 68% (BM) of nodes displayed R2>0.80 for the Fold metric
(data not shown). Equivalent readouts from the two repeats (Slope = 1.0 and Intercept = 0.0)
were observed for 38 out of 44 (87%) nodes.

A technical outlier was identified during the repeatability analysis based on low
reproducibility metrics. Specifically, low reproducibility for FLT3L (R2=0.49, Table 5B)
was attributed to a cytometer clog. Overall, only two wells out of the 8,024 wells processed
had a cytometer error.

Effect of Specimen Source on Proteomic Signaling
Equivalence was shown for the majority of signaling nodes (>90%) between matched
PBMC and BMMC samples (Table 2 and Supplemental Tables S1A–S1C, S2A–S2C).
Simple linear regression models and bias estimates from the Bland-Altman analysis between
BMMC and PBMC are shown in Tables 6 and 7 (unmodulated and modulated, respectively).
The Bland-Altman plots for the Ua and Uu metrics are shown in Supplemental Figures S3
and S4.

In total, 97% of the 161 node-metrics studied in matched BMMC and PBMC were judged
equivalent using either the Bland-Altman method (Table 2, Supplemental Tables S1B, S2B)
or Lin’s concordance correlation coefficient (Table 2, Supplemental Tables S1C, S2C). For
the majority of signaling node-metrics, the difference between BMMC and PBMC is either
not statistically significant at the 5% level or a simple linear transformation equates the two
methods on average.

Bland-Altman analysis of the basal signaling as evaluated using the Ua metric across all
nodes and all donors revealed equivalence between PBMC and BMMC samples (Table 6)
for all nodes except p-Erk-PE and p-S6-Alexa488 in the DMSO vehicle. Visual inspection
of the Bland-Altman plots (Supplemental Figure S3) for these two nodes indicate that most
donors have high basal levels of expression of p-Erk and p-S6 relative to autofluorescence.
With the exception of one datapoint in the p-Erk-PE, the data for both tissue types are tightly
clustering around a Ua value between 0.85 and 1.0 and are consistent with each other.

Analysis of modulated signaling measure using Uu across all nodes and all donors revealed
equivalence between PBMC and BMMC samples (R2= 0.819, Figure 4).

Several of the exceptions that displayed poorer linear regression correlations (R2<0.64)
belonged to nodes with weak response to modulation (e.g. SCF→p-Erk | Uu). The response
for those nodes is consistent between the two tissue types, as can be seen from the Bland-
Altman analyses.

Identification and Analysis of Biological Outliers
Two biological outliers (ECOG023 and ECOG025) were identified using methods described
above (see Methods, Identification of Outliers) (Figure 5A). Further analysis revealed that
biological outliers displayed distinct leukemic cell populations between paired BM and PB
samples. Specifically, ECOG023 and ECOG025 BM samples demonstrated a higher
proportion of CD34+ cells compared to the paired PB sample (Figure 5B). ECOG023 was
collected from a patient with refractory anemia with excess blasts in transformation (t-
RAEB). Because CD34+ cells respond to SCF, G-CSF, IL-27 modulators, the marked
difference in leukemic cell populations may explain the lower equivalence between PB and
BM samples for these two patients.
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Accounting for Sample Quality Improves the Concordance Between Paired BM and PB
Samples

Signaling has been shown to be affected by sample quality (Figure 2). In this study,
differences in PB and BM sample quality, as measured by PH, were observed in a few
donors (Figure 3). Regression analysis, including PH as a covariate, was performed in order
to evaluate the impact of sample quality on concordance between matched PB and BM
readouts. The slope for the difference in PH between samples was found to be significant (P
< 0.05, slope=0.0) in 68% of Uunode-metrics (13/19) (Table 8). This data shows that sample
quality plays a significant role in the concordance between PB and BM sample readouts.

DISCUSSION
SCNP assay using multiparametric flow cytometry is emerging as a valuable tool to inform
on therapy outcomes or relapse risks in AML (22–24). Although SCNP assay has previously
been limited to academic settings (16–21), recent studies have shown the potential utility of
this assay in clinical settings to inform decision making (22–24). In order to successfully
transition this technology from the academic environment to the clinic, instrument, reagent
and assay procedure standardization were put in place. Specifically, standard instrument
controls (rainbow beads) and cell line controls enabled the assessment of technical
variability at the modulation, fixation, staining and acquisition steps in the laboratory work
flow thus allowing for the generation of reproducible results across operators, plates and
time. These improvements are essential for the development of clinically applicable assays.

In addition, specific metrics were developed to describe and quantify the functional changes
observed using the SCNP assay. Classic flow cytometry metrics measure “static” events
using surface markers. In contrast, the metrics described in this paper are designed to
quantify the biological effect of modulation over time, providing a dynamic and quantitative
view of intracellular functional events. These metrics are calculated on a relative basis and
compared across patients and tissue types, which underscores the importance of equipment
calibration and standardization. Data analysis using a standard set of metrics is a critical
component for assay reproducibility and a required step for moving the phosphoflow assay
from the laboratory into clinical practice.

Moreover, pre-analytical sample characteristics pose potential barriers to standardization in
flow cytometry. In particular, functional assays require that the cells are not only viable but
sufficiently “healthy” to signal. Standardization methods based on sample quality could
allow for improved control of pre-analytical variables and comparison of samples that were
subject to different handling procedures (i.e. cryopreserved vs. fresh).

After the development and implementation of processes to control for technical variability
within the assay, the effect of specimen source on proteomic signaling was assessed by
comparing signaling readouts for matched viable BMMC and viable PBMC. Because of the
way the experiments were designed, the differentiation between technical assay variability
and biological variability in leukemic cells from paired BMMC and PBMC specimens was
possible.

Overall, strong correlations between the majority of nodes in matched PB and BM samples
were observed; correlations were particularly high in signaling nodes which had the higher
levels of changes under modulation. The few exceptions that were noted could be classified
as either technical or biological “outliers”. Specifically, repeatability analyses identified a
low frequency of technical outliers which were attributed to a cytometer clog. The extremely
low frequency of technical outliers (2 out of more than 8,000 assays) demonstrated that the
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instruments performed within expected levels of variance and that the modulation and
staining processes were consistent among plates and across days.

In addition, two biological outliers were also identified in which the primary leukemic cell
population identified in the BM was almost undetectable in the paired PB samples. This is in
alignment with previous observations that a small number of AML patients will not have
circulating myeloblasts, and therefore these samples will not be usable for the SCNP assay.
It is also of note that overall correlations may be further improved by adjustments to the
gating strategy using two methods. First, one could use additional surface markers to better
identify the leukemic myeloblasts only. Second, one could utilize subpopulations (i.e.
immature and mature myeloblasts) for SCNP signaling readouts within those cell
populations only. Despite these future efforts, we have demonstrated that a classifier based
on the leukemic blasts as defined in this analysis has been validated and shown repeated
accuracy in independent patient sample sets (22,24).

An important observation in this study was the effect of sample quality (pre-analytic
variable) on intrinsic cell signaling capability; specifically, controlling for cell health
improved correlation between matched PB and BM samples readouts. These results suggest
that analysis of sample quality and cell health must be integrated into study design and
qualification of samples and used to control/adjust the level of signaling. Currently, two
methods have been utilized to account for cell health – gating on live, healthy cells (defined
using both Live/Dead Aqua Stain and cleaved PARP) and normalization using a pre-
specified adjustment factor for cell health. We have previously reported on the successful
application of a normalization adjustment during classifier development (24), which
underscores the importance of standardized, pre-specified processes for addressing cell
health in signaling assays.

While not the focus of this study, demonstrating a correlation of SCNP readouts between
fresh and cryopreserved preparations is essential to applying these proteomic signatures to
the clinical setting. Bridging studies which compare the results of SCNP assays between
paired fresh and cryopreserved samples have been published (34), and results suggest that
SCNP assays developed and validated using cryopreserved samples can be applied to fresh
samples and integrated prospectively into frontline clinical trials and clinical practice.
Further studies are ongoing.

In summary, our results demonstrate that specimen source (BM or PB) does not significantly
affect proteomic signaling in patients with AML and circulating blasts. Therefore, PB
myeloblasts can be used as a sample source for SCNP assays to identify functionally distinct
leukemic blast cell populations. The ability to use PB as a sample source will greatly
improve the utility of these assays, e.g. it can facilitate the analysis of target coverage and
off-target activities during preclinical selection of lead molecules and early phase clinical
trials and also guide dosing schedules after a drug candidate moves to clinical testing.
Moreover, PB can be used as a sample source at time-points when BM aspirates are not
clinically justifiable. The development of instrument standards and process controls
described here will accelerate the transition of SCNP proteomic assays from the academic
laboratory to the clinic.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental setup, including signaling and apoptosis plate layouts
A) Signaling plates layout. Each plate contains PB and BM samples from 3 AML patients
(rows A to F). Experiment conditions are shown across the top, with an autofluorescence
well (AF), followed by an unmodulated reference well (UM) and the associated modulated
wells, shown color-coded. A total of six modulated conditions and four associated
unmodulated conditions are tested in this plate format. Column 12 contains rainbow control
particles (RCPs) used to calibrate the fluorescence readouts on a plate-by-plate basis. Rows
G and H contain cell line controls (GDM-1/U937 mix and RS4;11) used to monitor the
modulation, fixation, permeabilization, and staining processes. Each plate is setup using a
laboratory management system which populates sample, reagent, antibody cocktails,
modulators, cytometer and other settings used to track information during the conduct of the
experiment. B) Apoptosis plates layout. As in the signaling plates, each apoptosis plates
contain a total of 3 paired PB and BM samples, cell line controls, and rainbow control
particles (RCPs) in column 12. One autofluorescence column is included as a reference.
Unmodulated (UM) and modulated columns are used to assess response to Ara-C/
Daunorubicin (Ara-C Dauno) and Etoposide. C) Each signaling and each apoptosis plate
was run in duplicate, setup with the laboratory management system and data tracking was
managed throughout the experiment.
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Figure 2.
Comparison of the FLT3L-induced signaling changes in p-S6 on the Fold metric (y-axis) as
a function of the percentage of healthy cells (PH) (x-axis).
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Figure 3.
Correlation of PH between BM and PB samples at 6 hour time point.
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Figure 4.
Correlation of the SCNP signaling and apoptosis readouts on the Uu metric between BM and
PB samples.
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Figure 5. Process for identification of outlier samples
A) Outlier samples were identified by review of linear regression plots of signaling and
apoptosis nodes. Results that were outside the 95% confidence interval of the linear
regression fit were subject to additional analysis. As an example, the IL-27 -> p-STAT1 |
Fold response is higher in BM compared to PB for ECOG023 and ECOG025. B) The gating
plots were then visually inspected on the outliers identified from the linear regression plots.
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Results for CD11b vs. CD34 on both PB and BM for ECOG023 and ECOG025 are shown.
In the case of ECOG023 and ECOG025, the BM contains mostly CD34+ immature blasts
while the PB contains mostly CD11b++ mature blasts (i.e. “biologic outliers”).
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Table 1

Baseline characteristics for patients.

Characteristic All Patients (n=46)

Number (Percent) of Donors 46 (100.0)

ECOG: Best Confirmed Induction Response

CR 14 (30.4)

mCR 4 (8.7)

PD 20 (43.5)

Unevaluable 8 (17.4)

Last Known Survival Status Dead 46 (100.0)

ECOG Performance Status

0 (Fully active 6 (13.0)

1 (Ambulatory and able to do light work) 24 (52.2)

2 (Ambulatory, 100% self-care but cannot work) 12 (26.1)

3 (Limited self-care, confined to bed or chair >50% of awake time) 4 (8.7)

Disease Type

De novo AML 30 (65.2)

RAEB-t 2 (4.3)

Secondary AML 14 (30.4)

Cytogenics

Missing/Indeterminate 13 (28.3)

Intermediate 22 (47.8)

Unfavorable 11 (23.9)

Age at Diagnosis (years) Mean (Std Dev) 69.5 (5.67)

Sex
Male 28 (60.9)

Female 18 (39.1)

Race
White 44 (95.7)

Black 2 (4.3)

Treatment Received
AC+ Zosuquidar 26 (56.5)

AC+ Placebo 20 (43.5)
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Table 3

List of nodes tested.

Category Node: Modulator Node: Readout (antibody specificity)

Apoptosis Dauno+Ara-C Cleaved PARP
p-Chk2

Apoptosis Etoposide Cleaved PARP
p-Chk2

Apoptosis No Modulator Cleaved PARP
p-Chk2

Expression No Modulator CD117
CD135
CXCR4

Signaling FLT-3 Ligand p-Akt
p-ERK
p-S6

Signaling G-CSF p-STAT1
p-STAT3
p-STAT5

Signaling Hydrogen peroxide p-Akt
p-PLCγ2
p-SLP-76

Signaling IL-27 p-STAT1
p-STAT3
p-STAT5

Signaling PMA p-CREB
p-ERK
p-S6

Signaling SCF p-Akt
p-ERK
p-S6

Signaling No Modulator p-Akt
p-CREB
p-ERK
p-PLCγ2
p-S6
p-SLP-76
p-STAT1
p-STAT3
p-STAT5
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Table 4A

Modulators and technical conditions.

Modulator Final Concentration Modulator Treatment Duration Manufacturer (Location)

Ara-C 0.5 μg/mL 24 hours Sigma Aldrich (St Louis, MO)

Daunorubicin 100 ng/mL 24 hours Sigma Aldrich (St Louis, MO)

Etoposide 30 μg/mL 24 hours Sigma Aldrich (St Louis, MO)

FLT3L 50 ng/mL 15 mins R&D (Minneapolis, MN)

G-CSF 50 ng/mL 15 mins R&D (Minneapolis, MN)

Hydrogen Peroxide 3.0 mM 15 mins JT Baker (Phillipsburg, NJ)

IL-27 50 ng/mL 15 mins R&D (Minneapolis, MN)

PMA 400 nM 15 mins Sigma Aldrich (St Louis, MO)

SCF 20 ng/mL 15 mins R&D (Minneapolis, MN)
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Table 4B

Antibodies and reagents.

Antibody Species & Isotype Manufacturer (Location) Clone

CD11b Mouse IgG1 Beckman (Miami, FL) Bear1

CD15 Mouse IgG1 Biolegend (San Diego, CA) W6D3

CD34 Mouse IgG1 BD (San Jose, CA) 8G12

CD45 Mouse IgG1 Beckman (Miami, FL) J33

cKit (CD117) Mouse IgG1 DAKO (Carpinteria, CA) 104D2

c-PARP(Asp214) Mouse IgG1, k BD (San Jose, CA) F21-852

Control Ig Rat IgG1 MBL (Woburn, MA) 1H5

Control Ig Mouse IgG1, k BD (San Jose, CA) MOPC-21

CXCR4 (CD184) Rat IgG1 MBL (Woburn, MA) A145

FLT3 Receptor (CD135) Mouse IgG1 BD (San Jose, CA) 4G8

p-Akt (S473) Rabbit IgG CST (Danvers, MA) 193H12

p-Chk2 (T68) Rabbit IgG CST (Danvers, MA) Polyclonal

p-CREB (pS133) Mouse IgG1, k BD (San Jose, CA) J151-21

p-Erk 1/2 (T202/204) Mouse IgG1 BD (San Jose, CA) 20A

p-Lck (Y505) Mouse IgG1 BD (San Jose, CA) 4/Lck-Y505

p-PLCγ2 (Y759) Mouse IgG1, k BD (San Jose, CA) K86-689.37

p-S6 (S235/236) Rabbit IgG CST (Danvers, MA) 2F9

p-SLP-76 (pY128) Mouse IgG1, k BD (San Jose, CA) J141-668.36.58

p-STAT1 (pY701) Mouse IgG2a BD (San Jose, CA) 4a

p-STAT3 (pY705) Mouse IgG2a, k BD (San Jose, CA) 4/P-STAT3

p-STAT5 (pY694) Mouse IgG1 BD (San Jose, CA) 47

Non-Antibody Stains n/a Manufacturer (Location) n/a

Amine Aqua Viability Dye n/a Invitrogen (Carlsbad, CA) n/a

Streptavidin-Qdot 605 n/a Invitrogen (Carlsbad, CA) n/a
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