
 

 

Introduction 
 
The human immune system is composed of a 
complex network of cell types and signaling 
pathways that, in healthy individuals, interact to 
provide responses against pathogens and tu-
mor-associated antigens while simultaneously 
preventing detrimental immune responses to 
self-antigens [1, 2]. Deregulation of immune cell 
signaling network responses can result in aber-
rant immune function leading to increased sus-
ceptibility to diseases such as cancer, autoim-
munity, and chronic infections [3, 4]. Traditional 

immunological studies often focus on the be-
havior of a specific immune cell subset follow-
ing isolation from complex tissues such as pe-
ripheral blood, lymph nodes, or the spleen. How-
ever, because immune responses are governed 
by a network of distinct cell subtypes, systems-
level analyses that measure simultaneously the 
activity of intracellular signaling networks within 
multiple immune cell subtypes may provide 
more clinically relevant insight into the basis of 
immune-mediated disorders and the effects of 
therapeutic intervention on the function of the 
overall immune system.  
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Abstract: Single cell network profiling (SCNP) is a multi-parameter flow cytometry based approach that allows for the 
simultaneous interrogation of intracellular signaling pathways in multiple cell subpopulations within heterogeneous 
tissues, without the need for individual cell subset isolation. Thus, the technology is extremely well-suited for charac-
terizing the multitude of interconnected signaling pathways and immune cell subpopulations that regulate the func-
tion of the immune system. Recently, SCNP was applied to generate a functional map of the healthy human immune 
cell signaling network by profiling immune signaling pathways downstream of 12 immunomodulators in 7 distinct 
immune cell subsets within peripheral blood mononuclear cells (PBMCs) from 60 healthy donors. In the study re-
ported here, the degree of inter-donor variation in the magnitude of the immune signaling responses was analyzed. 
The highest inter-donor differences in immune signaling pathway activity occurred following perturbation of the im-
mune signaling network, rather than in basal signaling. When examining the full panel of immune signaling re-
sponses, as one may expect, the overall degree of inter-donor variation was positively correlated (r = 0.727) with the 
magnitude of node response (i.e. a larger median signaling response was associated with greater inter-donor varia-
tion). However, when examining the degree of heterogeneity across cell subpopulations for individual signaling nodes, 
cell subset specificity in the degree of inter-donor variation was observed for several nodes. For such nodes, relatively 
weak correlations between inter-donor variation and the magnitude of the response were observed. Further, within 
the phenotypically distinct subpopulations, a fraction of the immune signaling responses had bimodal response pro-
files in which (a) only a portion of the cells had elevated phospho-protein levels following modulation and (b) the pro-
portion of responsive cells varied by donor. These data exemplify the application of SCNP to provide a detailed char-
acterization of inter-donor variation in immune signaling pathway activation in a healthy donor cohort. This dataset 
provides a basis for identifying cell subpopulation specific immune signaling abnormalities in cancer and immune-
mediated diseases. Building upon these data in future studies may help inform on disease etiology, maintenance and 
therapeutic selection. 
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Single cell network profiling (SCNP) is a flow-
cytometry based approach well-suited for inves-
tigating how the immune system responds and 
reacts to external stimuli at a network level. The 
assay allows for the simultaneous interrogation 
of modulated signaling activity across signaling 
pathways in multiple interdependent immune 
cell subpopulations. SCNP technology has been 
applied extensively to disease characterization 
and patient stratification in hematological malig-
nancies such as acute myeloid leukemia (AML) 
and chronic lymphocytic leukemia (CLL) [5-8]. 
 
More recently, SCNP technology was applied to 
generate a functional map of healthy human 
immune signaling responses to provide a refer-
ence for the identification of signaling abnor-
malities in pathological conditions such as can-
cer and autoimmunity. To generate the healthy 
immune signaling network map, SCNP was used 
to profile signaling pathways downstream of a 
panel of 12 immunomodulators (including inter-
ferons, interleukins, IgD crosslinking, TLR 
ligands, and CD40L) in 7 distinct, non-sorted 
immune cell subpopulations within peripheral 
blood mononuclear cells (PBMCs) from a cohort 
of 60 healthy individuals [9]. While a relatively 
narrow range of response magnitudes was ob-
served for the majority of the signaling nodes 
measured within the 7 distinct cell subpopula-
tions defined in the healthy immune signaling 
network mapping, a subset of nodes in distinct 
cell subpopulations displayed considerable inter
-donor variation. A greater understanding of the 
degree of inter-donor variation in immune sig-
naling responses across healthy individuals is 
critical for the identification of altered immune 
signaling responses in cell subsets from dis-
eased donors. In addition, establishing inter-
donor variation in immune signaling responses 
from healthy individuals associated with demo-
graphic factors such as age, race, or gender 
may provide insight into the basis for disparities 
in the prevalence of immune-mediated disease 
or response to therapeutics among different 
demographic donor subgroups.  
 
Here, an in-depth analysis of inter-donor differ-
ences in the magnitude of immune signaling 
responses measured within distinct cells sub-
sets from the healthy donor cohort was per-
formed. The findings presented here have im-
portant implications for the characterization of 
immune signaling abnormalities in pathological 
conditions such as cancer and autoimmunity. 

Materials and methods 
 
PBMC samples 
 
Cryopreserved PBMC samples taken from 60 
healthy donors within the Department of Trans-
fusion Medicine, Clinical Center, National Insti-
tutes of Health, with institutional review board 
approval were used in this study. Blood dona-
tions from healthy donors, donated for research 
purposes with informed consent, were collected 
and processed as described previously [10]. 
 
SCNP assay and flow cytometry 
 
The SCNP assay and flow cytometry data acqui-
sition and analysis were performed as previ-
ously described [9]. Briefly, cryopreserved PBMC 
samples were thawed at 37°C and resus-
pended in RPMI 1640 (1% FBS) before staining 
with amine aqua viability dye (Invitrogen, Carls-
bad, CA). Cells were resuspended in RPMI 1640 
(10% FBS), aliquoted to 100,000 cells per con-
dition, and rested for 2 hours at 37°C prior to 
incubation with modulators at 37°C for 15 min-
utes. After exposure to modulators, cells were 
fixed with paraformaldehyde and permeabilized 
with 100% ice-cold methanol. Methanol perme-
abilized cells were washed with FACS buffer 
(PBS, 0.5% BSA, 0.05% NaN3), pelleted, and 
stained with antibody cocktails containing 
fluorochrome-conjugated antibodies against 
phenotypic markers for cell population gating 
and antibodies against intracellular signaling 
molecules. Flow cytometry data was acquired 
using FACS DIVA software (BD Biosciences, San 
Jose, CA) on two LSRII Flow Cytometers (BD Bio-
sciences, San Jose, CA). Flow cytometry data 
was analyzed with WinList (Verity House Soft-
ware, Topsham, ME). For all analyses, dead 
cells and debris were excluded by forward scat-
ter (FSC), side scatter (SSC), and amine aqua 
viability dye.  
 
SCNP terminology and metrics 
 
The term “signaling node” refers to a specific 
protein readout in the presence or absence of a 
specific modulator. For example, the response 
to IFN-α stimulation can be measured using p-
Stat1 as a readout. This signaling node is desig-
nated “IFN-α→p-Stat1”. Each signaling node is 
measured in each cell subpopulation. The term 
“signaling response” refers to a specific signal-
ing node measured within a specific cell sub-
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population. For each signaling response, the cell 
subpopulation is noted following the node e.g. 
“IFN-α→p-Stat1 | B cells”. Two different metrics 
are utilized in this study to measure the levels 
of intracellular signaling proteins in either the 
unmodulated state or in response to modula-
tion. The “Basal” metric is used to measure 
basal levels of signaling in the resting, unmodu-
lated state. The “Fold” metric is applied to 
measure the level of a signaling molecule after 
modulation compared to its level in the basal 
state. The Equivalent Number of Reference 
Fluorophores (ERFs), fluorescence measure-
ments calibrated by rainbow calibration parti-
cles on each 96-well plate, serve as a basis for 
all metric calculations [11-13].  
 
The “Basal” and “Fold” metrics were calculated 
as follows: Basal: log2 [ERF(Unmodulated)/ERF
(Autofluorescence)]; Fold: log2 [(ERF
(Modulated)/ERF(Unmodulated) + Ph – 1)/Ph]. 
Where Ph is the percentage of healthy [cleaved 
PARP (poly ADP-ribose polymerase) negative] 
cells. 
 
Modulated signaling nodes measured in each of 
the 7 distinct cell subpopulations were consid-
ered responsive if the median Fold (over the 60 
donors) was above a threshold level of 0.25 
(representing an ~1.2-fold change in modulated 
levels relative to basal). 
 
Statistical analysis 
 
The interquartile range (IQR), or the distance 
between the 75th percentile and the 25th per-
centile, was used as a measure of the inter-
donor variation for each signaling node in each 
immune cell subpopulation. The IQR was se-
lected as a metric because it is robust to out-
liers or extreme values and does not require an 
assumption of normal distribution. 
 
The Bimodality Index (BI, [14]) was used to iden-
tify and rank bimodal patterns in the fluores-
cence intensity histograms for the 28 modu-
lated signaling nodes within each of the 7 dis-
tinct cell subsets. The BI is defined as Equation 
1: 

 
Where  is the proportion of cells in one popula-
tion, and δ which represents the standardized 

distance between the two populations is de-
fined as Equation 2: 

 
The parameters , µ, and σ (the common stan-
dard deviation), were estimated from the data 
using the R mixture-modeling package mixtools 
[15], assuming 2 clusters (k=2, fast=TRUE), and 
equal variances (arbvar=FALSE, sdconstr=
[“a”,”a”]). 
 
Results 
 
Overall analysis of inter-donor variation in im-
mune signaling responses 
 
Intracellular signaling activity across multiple 
immune cell subpopulations was analyzed using 
single cell network profiling (SCNP) as previ-
ously described [9]. The phosphorylation status 
of 8 signaling proteins (Stat1, Stat3, Stat5, 
Stat6, Akt, S6, Erk, and NF-κB) was measured in 
response to 12 stimuli (IFN-α, IFN-γ, IL-2, IL-4, IL
-6, IL-10, IL-27, anti-IgD, LPS, R848, PMA, and 
CD40L) in 7 distinct (non-overlapping) immune 
cell subpopulations (monocytes, B cells, CD3-
CD20- lymphocytes (natural killer cell-enriched 
subpopulation), CD45RA+ helper T cells, 
CD45RA- helper T cells, CD45RA+ cytotoxic T 
cells, and CD45RA- cytotoxic T cells) within un-
sorted PBMC samples from 60 healthy individu-
als [9].  
 
The Basal metric (Materials and methods) was 
used to quantify phospho-protein levels in the 
unmodulated state. As shown in Figure 1, the 
ranges of the Basal values over the 60 donors 
for the 8 protein readouts in each of the 7 dis-
tinct immune cell subsets were narrow, with the 
exception of p-Erk which displayed a wider 
range of Basal values in each of the cell subsets 
relative to the other phospho-proteins. Notably, 
the magnitudes of the p-Erk Basal values were 
also much higher than the Basal values for the 
other 7 protein readouts. In addition, p-S6 dis-
played a broad range of Basal values in the 
monocytes relative to the range of Basal p-S6 
values observed in the other cell subsets. 
 
To measure changes in the phospho-protein 
levels in response to extracellular modulation, 
the Fold metric (Materials and methods) was 

    Eq. 1 

           
                      Eq. 2 
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utilized. For each of the 60 donors, the Fold 
metric was calculated for all 196 signaling re-
sponses (i.e. for 28 modulated signaling nodes 
measured within the 7 distinct cell subsets, see 
Materials and methods). The ranges for the Fold 
values over the 60 healthy donors for each of 
the signaling responses are shown in Figure 2. 
To quantify the degree of inter-donor variation 
for each of the 196 signaling responses, the 
interquartile range (IQR, see Materials and 
methods) for the Fold was used. The average 
IQR value over all signaling responses (0.3) was 
used as a threshold for defining responses with 
high inter-donor variation. Notably, all of the 
signaling responses that showed high inter-
donor variation (IQR>0.3) were among the re-
sponses that displayed modulated activity (as 
quantified by the median Fold for the 60 do-
nors) above the threshold level of 0.25 (Figure 
3). Thus, as may be expected, applying extracel-
lular stimuli to evoke a robust (i.e. Fold > 0.25) 
perturbation of the immune signaling network 
was necessary (but not sufficient) for the detec-
tion of inter-donor heterogeneity in signaling 
responses (IQR > 0.3).  
 
Over the 196 signaling responses, the degree of 
inter-donor variation (IQR) in response magni-
tude was positively correlated (Pearson r = 
0.727) with the magnitude of the response (as 
quantified by the median Fold) (i.e. the larger 
the response, the greater the inter-donor varia-
tion). An overall analysis of the percentage of 
signaling responses with high inter-donor het-
erogeneity within each subpopulation and for 
each stimulus (Figure 4) demonstrated that the 
degree of inter-donor variation in the responses 
differed amongst the different cell subsets and 
amongst the different immunomodulators 

tested. Of the 7 cell subpopulations, the four T 
cell subsets and CD3-CD20- lymphocytes had 
the highest percentages of signaling responses 
with high inter-donor variation (Figure 4). Of the 
modulators, IL-2, PMA, and BCR/LPS, had the 
highest percentages of signaling responses with 
high heterogeneity among the 60 donors. In 
contrast, low inter-donor variation was observed 
for CD40L, IFN-α, and IFN-γ independently from 
the cell subsets in which they were measured 
(Figure 4).  
 
Cell subset specificity as a basis for inter-donor 
variation in immune signaling 
 
The degree of inter-donor heterogeneity across 
the 7 distinct cell subpopulations was examined 
for each of the 28 modulated signaling nodes, 
and cell subset specificity in the degree of inter-
donor variation was apparent for many signaling 
nodes (Figure 2). For example, the IL-2→p-Stat5 
signaling node (highlighted with the red border 
in Figure 2) displayed much higher inter-donor 
heterogeneity in the CD45RA+ helper T cell sub-
set than in the other cell subsets despite mod-
erate Fold values for this signaling node in the 
CD45RA+ helper T cell subset relative to other 
cell subsets. Thus, the inter-donor variation in IL
-2-induced p-Stat5 responses (as quantified by 
the IQR) varied with cell subtype and had a rela-
tively weak correlation (r = 0.595, Figure 5A) 
with the magnitude (median Fold) of the p-Stat5 
responses in each cell subtype. Similarly, the 
PMA→p-S6 signaling node (highlighted with the 
green border in Figure 2) displayed the highest 
inter-donor variation in the monocytes and 
CD45RA+ cytotoxic T cells and the lowest inter-
donor variation in the B cells (which showed a 
median Fold response comparable with the 

Figure 1. Basal (unmodulated) signaling ranges over the 60 healthy donors. Box plots are shown for the Basal values 
(Materials and methods) for the unmodulated signaling nodes within each of the 7 distinct immune cell subpopula-
tions.  
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CD45RA+ cytotoxic T cells) and CD3-CD20- lym-
phocytes. For the PMA→p-S6 signaling node, 

the IQR did not correlate with the Fold (r = 
0.069, Figure 5B). 

Figure 2. Modulated signaling response ranges over the 60 healthy donors. Box plots are shown for the Fold values 
(Materials and methods) for the 28 modulated signaling nodes within each of the 7 distinct immune cell subpopula-
tions. The IL-2→p-Stat5 (red border) and PMA→p-S6 (green border) are highlighted as examples of signaling nodes 
displaying cell-subset specific high inter-donor variation (see Figure 5 for plots of Fold vs. IQR for these two signaling 
nodes). 
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Cell subpopulation heterogeneity as a basis for 
inter-donor variation in immune signaling re-
sponses 
 
One of the key advantages of utilizing the multi-
parametric SCNP assay for characterizing the 
healthy immune cell signaling network is the 

quantification of immune signaling responses at 
the single cell level. This enables the simultane-
ous measurement of changes in frequency and 
function of phenotypically defined cell subsets. 
This analysis in turn enables the evaluation of 
these variations as a basis for inter-donor varia-
tion in immune signaling responses to external 

Figure 3. Fold (median Fold 
value over the 60 donors) is 
plotted vs. the interquartile 
range (IQR) of the Fold for all 
of the signaling nodes across 
each of the 7 distinct im-
mune subpopulations. The 
green line represents the 
Fold = 0.25 threshold for 
defining responsive signaling 
nodes (measured within each 
cell subset). The red line 
represents the IQR = 0.3 
threshold for defining signal-
ing nodes (measured within 
each cell subset) with high 
inter-donor variation. The 
Pearson correlation coeffi-
cient between Fold and IQR, r 
= 0.727.  

 

Figure 4. Inter-donor variation in immune signaling responses across the healthy immune cell signaling network. The 
interquartile range (IQR) for the Fold metric was calculated for each signaling response. Signaling responses with 
IQRs above 0.3 are shown in green and signaling responses with IQRs below 0.3 are shown in gray. White boxes rep-
resent signaling responses that have a median Fold below the threshold level of Fold = 0.25. The percentages in the 
vertical column indicate the percentage of responsive (Fold > 0.25) signaling nodes with high inter-donor variation 
(IQR > 0.3) within each cell subpopulation and the percentages in the bottom row indicate the percentage of respon-
sive signaling nodes with high inter-donor variation (IQR > 0.3) for each stimulus. Boxes with a “B” represent re-
sponses that showed bimodality (median BI > 1.0). 
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modulators including therapeutics.   
 
To qualitatively assess the degree of heteroge-
neity in the modulated protein levels in individ-
ual cells within phenotypically defined cell sub-
populations, histograms of the modulated phos-
pho-protein levels within each of the distinct cell 
subsets were visually inspected for a subset of 
the 60 donors (i.e. donors at the low, middle, 
and high end of the Fold range were selected). 
Most of the histograms examined appeared to 
have unimodal distributions. As a representative 
example, histograms for the IFN-α→p-Stat5 | 
CD45RA+ helper T cell signaling response (and 
the Unmodulated→p-Stat5 | CD45RA+ helper T 
cell histograms) are shown for 3 donors in Fig-
ure 6A. However, a few of the signaling re-
sponses showed strong bimodality in some do-
nors. For example, in most of the donors exam-
ined, the IL-2→p-Stat5 | CD45RA+ helper T cell 
signaling response showed strong bimodality, 
where a portion of the cells in the CD45RA+ 
helper T cell subpopulation showed elevated p-
Stat5 levels following IL-2 treatment while a 
subset of the cells overlap with the basal p-
Stat5 distribution (see Figure 6B which shows 
histograms of basal and IL-2-induced p-Stat5 
levels in the CD45RA+ helper T cell subpopula-
tion for 3 healthy donors, 2 of which show pro-
nounced bimodality). Notably, the proportion of 

IL-2 responsive (i.e. elevated p-Stat5) cells 
within the CD45RA+ helper T cell subpopulation 
varied from donor to donor, and higher IL-2→p-
Stat5 | CD45RA+ helper T cell Fold values were 
observed for donors with higher proportions of 
IL-2 responsive CD45RA+ helper T cells (Figure 
6B). Thus, the inter-donor variation in the Fold 
values for the IL-2→p-Stat5 | CD45RA+ helper 
T cell signaling response appears to be driven 
primarily by inter-donor differences in the pro-
portion of CD45RA+ helper T cells that respond 
to IL-2. In contrast, the inter-donor variation in 
the Fold values for the IFN-α→p-Stat5 | 
CD45RA+ helper T cell signaling response were 
determined primarily by the intensity of the p-
Stat5 response from a more uniformly respond-
ing CD45RA+ helper T cell subpopulation 
(Figure 6A). These results demonstrate that in-
ter-donor variation in immune signaling re-
sponses within distinct immune cell subpopula-
tions can arise from both inter-donor differ-
ences in the response magnitudes from homo-
geneously responding subpopulations and from 
inter-donor differences in the proportion of re-
sponsive cells within phenotypically-defined 
subpopulations that display functional heteroge-
neity. 
 
Given the qualitative observation of bimodality 
in a fraction of the response profiles within a 

Figure 5. Cell subset specific inter-donor variation in induced immune signaling responses. A) Fold (median Fold value 
over the 60 donors) is plotted vs. IQR for IL-2-induced p-Stat5 in each of the 7 distinct cell subpopulations. The corre-
sponding box plots for the IL-2→p-Stat5 signaling node are shown in Figure 2 (see red border). B) Fold (median Fold 
value over the 60 donors) is plotted vs. IQR for PMA-induced p-S6 in each of the 7 distinct cell subpopulations. The 
corresponding box plots for the PMA→p-S6 signaling node are shown in Figure 2 (see green border).  
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subset of donors from the 60 donor cohort, a 
method to quantify the degree of bimodality in 
each of the 11,760 modulated phospho-protein 
level distributions (i.e. for each of the 196 im-
mune signaling responses measured in the 60 
donors) was sought. The Bimodality Index (BI, 
see Materials and methods), which was origi-
nally developed for identifying genes with bi-
modal expression patterns [14] was utilized as 
a metric for identifying immune signaling re-
sponses with bimodality (using BI = 1.0 as a 
threshold for classifying responses as bimodal). 
As shown for the 6 modulated p-Stat5 distribu-
tions in Figure 6, the histograms with BI > 1.0 
look “visually bimodal”. 
 
To determine which immune signaling re-
sponses showed bimodality in at least half of 
the donors, the BI > 1.0 cutoff was applied to 

the median BI (over the 60 donors), and only 11 
of the 196 immune signaling responses met 
this criteria (see responses with a “B” in Figure 
4). Notably, 9 of the 11 signaling responses 
with median BI above 1.0 displayed high inter-
donor variation (IQR > 0.3), the remaining two 
signaling responses with median BI above 1.0 
did not display activation above the threshold 
level of Fold = 0.25. Because the 1.0 cutoff was 
applied to the median BI over the 60 donors, 
the 11 signaling nodes identified as bimodal 
(Figure 4) do not necessarily display bimodality 
in all 60 donors. For instance, the IL-2→p-Stat5 
| CD45RA+ helper T cell signaling response had 
a median BI > 1.0, but Figure 6B also shows an 
example of a donor with a unimodal (BI = 0.68) 
distribution for this response. Likewise, for 
some of the signaling responses with median BI 
< 1.0, a fraction of the donors (<50%) have bi-

Figure 6. Cell subpopulation heterogeneity in immune signaling responses. A) Histograms from 3 different donors 
(with low, moderate, and high IFN-α→p-Stat5 | CD45RA+ helper T cell signaling response Fold values). Unmodulated 
p-Stat5 levels are shown in red and IFN-α-induced p-Stat5 levels are shown in blue. B) Histograms from 3 different 
donors (with low, moderate, and high IL-2→p-Stat5 | CD45RA+ helper T cell signaling response Fold values). Un-
modulated p-Stat5 levels are shown in red and IL-2-induced p-Stat5 levels are shown in blue. The bimodality index 
(BI) for the modulated responses is shown above each plot.   
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modal response profiles (data not shown). 
 
Discussion 
 
Immune responses are regulated by a complex 
network of diverse cell types and intercon-
nected signaling pathways. Deregulation of the 
immune system can lead to dampened immune 
responses to pathogens and tumor cells 
(immunodeficiency), excessive immune re-
sponses to innocuous foreign antigens 
(hypersensitivity), or to inappropriate responses 
to self-antigens (autoimmunity) [3, 16-18]. A 
greater understanding of the alterations in the 
immune cell signaling network that underlie 
immune-mediated diseases can lead to im-
proved methods for diagnosing and treating 
such diseases. However, determining which 
immune signaling responses from diseased 
patients can be classified as abnormal requires 
comprehensive knowledge of the immune cell 
signaling network in the baseline, or disease-
free, state. Recently, the single cell network 
profiling (SCNP) assay was used to generate a 
functional map of the healthy immune cell sig-
naling network by measuring immune signaling 
responses to a broad panel of immunomodula-
tors in multiple immune cell subpopulations 
within PBMCs from 60 healthy individuals [9]. 
This characterization of healthy immune signal-
ing responses provides a basis for comparison 
with diseased specimens to identify, within the 
immune cell signaling network, which responses 
differ significantly from the baseline state and 
which responses are within the normal range of 
individual variation.   
 
In the current study, the degree of inter-donor 
variation in immune signaling responses meas-
ured within distinct cell subsets across the 60 
healthy donor cohort was analyzed. The results 
of this analysis showed that the immune signal-
ing responses that displayed high inter-donor 
variation (as quantified by the interquartile 
range (IQR)) were restricted to the subset of 
immune signaling responses that showed acti-
vation above a threshold level of Fold = 0.25. 
This emphasizes the importance of applying a 
perturbation to probe both the capacity of each 
donor sample to signal through associated cell 
networks, and to identify inter-donor differences 
in the behavior of the immune cell signaling 
network which would not be detectable in a 
baseline state. 
 
The degree of inter-donor heterogeneity in the 

response magnitude was found to display 
stimulus- and cell subset-specificity (Figures 4 
and 5). Although there was a positive correla-
tion (r = 0.727) between the magnitude of the 
response (i.e. Fold) and the degree of inter-
donor variation in the response (IQR) for the full 
panel of immune signaling responses (Figure 3), 
the response magnitude alone appears to be a 
relatively poor predictor of the degree of inter-
donor differences (i.e. necessary but not suffi-
cient as a predictor of inter-donor variation). 
This suggests that the degree of inter-donor 
variation in the response of samples from 
healthy individuals cannot be accurately esti-
mated by measuring the response magnitude in 
one single healthy donor. Instead, an accurate 
assessment of the degree of inter-donor varia-
tion for a specific immune signaling response of 
interest will require measuring the magnitude of 
the response over a population of healthy do-
nors. These findings have important implica-
tions for the identification of immune signaling 
responses that may have utility as clinical bio-
markers for diagnosis, prognosis, and treatment 
selection in immune-mediated pathologies.   
 
The SCNP workflow allows for an investigation 
of the variation in signaling activity among indi-
vidual cells within phenotypically defined im-
mune cell subpopulations. A visual inspection of 
signaling activity at the single-cell level for a 
sampling of donors revealed bimodality in a 
small percentage of signaling responses. For 
example, IL-2-induced p-Stat5 responses dis-
played pronounced bimodality for some donors 
within the relatively well-defined CD45RA+ 
helper T cell subpopulation (Figure 6). This sub-
population heterogeneity in IL-2 responsiveness 
may be driven by variation in the expression of 
the IL-2 receptor. Recent work has shown that 
expression levels of the IL-2R subunits (IL-2Rα, 
IL-2Rβ, and IL-2Rγ) can vary substantially in 
clonal T cell populations [19]. Notably, the fre-
quency of IL-2 responsive cells within the 
CD45RA+ helper T cell subpopulation varied 
widely from donor to donor (Figure 6B). Assess-
ing inter-donor differences in the proportion of 
IL-2 responsive cells within distinct immune cell 
subpopulations may be of clinical relevance, 
given the use of IL-2 as an immunotherapy for 
the treatment of metastatic melanoma and re-
nal cell carcinoma. Because high dose IL-2 ther-
apy is associated with severe toxicity and only a 
subset of patients respond to treatment with IL-
2 [20], the identification of biomarkers for pre-
dicting response to IL-2 immunotherapy (i.e. to 
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identify patients likely to benefit from the ther-
apy) would have high clinical utility. Several 
groups have started to use phospho-flow cy-
tometry to monitor cytokine signaling pathways 
in immune cell subpopulations from patients 
with cancers such as melanoma and renal cell 
carcinoma [21-23]. Further studies are required 
in samples from the target patient populations 
in order to determine the degree of inter-donor 
variation in cytokine-induced signaling re-
sponses and the potential for any correlation 
between in vitro cytokine immune signaling re-
sponses and treatment response.  
 
The Bimodality Index, BI ([14], see Materials 
and methods), was utilized to quantitatively 
identify bimodal responses among the 196 sig-
naling responses measured in each of the 60 
healthy donors. The majority of the signaling 
responses did not display bimodality, but in-
stead displayed relatively homogeneous 
(unimodal) responses (see for example IFN-α-
induced p-Stat5 responses in Figure 6A). The 
observed homogeneity in signaling for many of 
the immune signaling responses surveyed here 
may be reflective of relatively homogeneous 
expression of the corresponding receptors 
across each of the seven immune cell subpopu-
lations. Only 11 of the 196 signaling responses 
displayed bimodality in the majority of the do-
nors (i.e. had a median BI above the BI = 1.0 
threshold value). These 11 bimodal nodes were 
not confined to a given cell subtype but instead 
spanned 6 of the 7 cell subpopulations, indicat-
ing that some degree of functional heterogene-
ity exists within these 6 cell subpopulations 
which are relatively well-defined phenotypically. 
Future studies utilizing PBMC samples from 
patients with cancer or autoimmunity are 
needed to assess, for signaling response which 
display bimodality, whether or not there is any 
correlation between the proportion of respond-
ing cells and clinical outcomes.   
 
In summary, we found that the degree of inter-
donor variation in immune signaling responses 
varied among the different cell subpopulations 
and immunomodulators tested in the healthy 
donor cohort. Quantifying the variation in im-
mune signaling responses within the healthy 
immune cell signaling network is critical for es-
tablishing baseline ranges against which dis-
eased specimens can be compared. This pro-
vides a foundation for the discovery of bio-
markers that can aid in the diagnosis, treatment 
selection, and clinical monitoring of diseases 

such as cancer and autoimmunity.  
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