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CYTOKINE SIGNALING

Analysis of single-cell cytokine secretion reveals
a role for paracrine signaling in coordinating
macrophage responses to TLR4 stimulation

Qiong Xue,'*' Yao Lu,'* Markus R. Eisele,"?* Endah S. Sulistijo,' Nafeesa Khan,’
Rong Fan,'$ Kathryn Miller-Jensen'3$

Macrophages not only produce multiple cytokines but also respond to multiple cytokines, which likely
shapes the ultimate response of the population. To determine the role of paracrine signaling in shaping
the profile of inflammatory cytokines secreted by macrophages in response to stimulation of Toll-like re-
ceptor 4 (TLR4) with lipopolysaccharide (LPS), we combined multiplexed, microwell-based measure-
ments of cytokine secretion by single cells with analysis of cytokine secretion by cell populations. Loss of
paracrine signaling as a result of cell isolation reduced the secretion by macrophage-like U937 cells
and human monocyte-derived macrophages (MDMs) of a subset of LPS-stimulated cytokines, including
interleukin-6 (IL-6) and IL-10. Graphical Gaussian modeling (GGM) of the single-cell data defined a regu-
latory network of paracrine signals, which was validated experimentally in the population through antibody-
mediated neutralization of individual cytokines. Tumor necrosis factor—a. (TNF-o)) was the most influential
cytokine in the GGM network. Paracrine signaling by TNF-a secreted from a small subpopulation of “high-
secreting” cells was necessary, but not sufficient, for the secretion of large amounts of IL-6 and IL-10 by
the cell population. Decreased relative IL-10 secretion by isolated MDMs was linked to increased TNF-a.
secretion, suggesting that inhibition of the inflammatory response also depends on paracrine signaling.
Our results reveal a previously uncharacterized role for cell-to-cell communication within a population in

coordinating a rapid innate immune response despite underlying cell-to-cell heterogeneity.

INTRODUCTION

Cell populations produce reliable biological responses despite exhibiting
considerable amounts of cell-to-cell heterogeneity (/—3). These biological
responses often involve intermediate extracellular signaling, through
which cells secrete and respond to the same factor (4—6). Intermediate extra-
cellular signals may act in an autocrine manner, in which a cell responds to
its own secreted signal, or in a paracrine manner, in which a neighboring
cell responds to the secreted signal. However, because secretion is usually
measured in populations of cells, the role of paracrine versus autocrine
signaling in shaping the response of a cell population is difficult to quantify.

Several studies showed that the secretion of cytokines from T cells (7, &)
and the activation of cells by cytokines after stimulation of an innate im-
mune pathway are highly heterogeneous (9, 10). For example, the produc-
tion of interferon-f (IFN-B) in response to viral infection appears to be
stochastic, despite a high incidence of infection (9, 17). Microfluidic and
nanowell devices that characterize cells in solitary confinement have en-
abled quantitative and multiplexed measurements of single-cell secretion
of cytokines to be made (/2, 13), but such assays may not accurately re-
flect phenotypes that result from the integration of both autocrine and
paracrine signals in cell populations over time (/4). However, the extent
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to which cell isolation (and the resulting loss of paracrine signaling)
alters cytokine secretion by a population of cells has not been widely
explored.

Here, we investigated how paracrine signaling contributed to the re-
sponse of a population of human macrophages. Monocytes and macro-
phages function in relative isolation while circulating in the blood, whereas
they operate in crowded populations (equivalent to cell culture densities
of >1 million cells per milliliter) when they infiltrate tissues in response
to infection (135, 16). Therefore, differences in “single-cell” versus “cell pop-
ulation” secretion response signatures are expected to have important bi-
ological implications. Toll-like receptors (TLRs) are pattern recognition
receptors (PRRs) that provide a first line of defense against pathogens
and shape the adaptive immune response (/7). Lipopolysaccharide (LPS),
a component of Gram-negative bacteria and the canonical ligand for TLR4,
activates the secretion of a large panel of chemokines, including chemokine
(C-C) motif ligand 4 (CCLA4) [also known as macrophage inflammatory
protein—13 (MIP-1B)], interleukin-8 (IL-8), and CCL5 [also known as reg-
ulated on activation, normal T cell expressed and secreted (RANTES)];
proinflammatory cytokines, including tumor necrosis factor—o (TNF-a),
IL-1B, and IL-6; and anti-inflammatory cytokines, including IL-10. There
is evidence that both autocrine and paracrine modes of signaling are involved
in shaping the response to TLR4 stimulation (/8-23).

To study the role of paracrine signaling in the LPS-stimulated re-
sponse, we used a single-cell barcode chip (SCBC) (fig. S1) (/3) to mea-
sure cytokine secretion profiles in isolated single U937 cells and human
monocyte-derived macrophages (MDMs), and compared them to mea-
surements of cytokines secreted by cell populations. We found that paracrine
signaling substantially amplified the secretion of a subset of LPS-stimulated
cytokines at the population level, including IL-6 and IL-10. Using graph-
ical Gaussian modeling (GGM) to reconstruct cytokine interactions based
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on partial correlations within the single-cell secretion data set, we identi-
fied TNF-a and other key signals contributing to the cell population se-
cretion of the paracrine-dependent cytokines by U937 cells and primary
MDMs. Finally, we demonstrated that paracrine signaling, in addition to
amplifying the overall secretion response, was also required for the inhi-
bition of the secretion of TNF-a and other proinflammatory cytokines in
MDMs. Overall, our study demonstrates that combining single-cell and
cell population measurements is an effective way to decouple primary
and paracrine-dependent signaling cascades.

RESULTS

Secretion of a subset of LPS-induced cytokines is
substantially attenuated in isolated single cells

because of a loss of paracrine signaling

To investigate how the cytokine secretion signatures of single cells (auto-
crine only) differed from those of cells within a population (Fig. 1A), we
focused on stimulation of the monocytic U937 cell line with LPS. To elim-
inate paracrine signaling, we isolated single cells in polydimethylsiloxane
(PDMS) microchambers and sealed the wells with glass slides patterned
with capture antibodies specific for the secreted targets of interest (re-
ferred to as the SCBC; fig. S1) (/3). The U937 cells were first induced
to differentiate into a macrophage-like state in culture with phorbol 12-
myristate 13-acetate (PMA) to render the cells postmitotic and thus
minimize contributions of the cell cycle to intercellular heterogeneity.
After the cells had undergone differentiation, they were lifted from the
plates, incubated with LPS or vehicle, and then cultured either as isolated
cells in the SCBC or as a population in a tissue culture plate. We used a
standard cell density of 500,000 cells/ml, which is approximately
equivalent to the per-cell volume in the SCBC (2 nl per cell). We mea-
sured the abundances in the cell culture medium of eight cytokines whose
secretion is stimulated by LPS: CCL4, CCL5, granulocyte-macrophage
colony-stimulating factor (GM-CSF), IL-1, IL-6, IL-8, IL-10, and
TNF-0. Note that all of these ligands can stimulate the secretion of one
or more of the other cytokines by monocytes, macrophages, or other cell
types (table S1).

Single cells were stimulated with LPS (100 ng/ml) and then cul-
tured in the SCBC for 20 hours. The abundance of secreted cytokines
in the SCBC was determined by measuring the intensity of a fluorogenic
reporter after a sandwich immunoassay, and the background threshold
(BT) for secretion was calculated by evaluating the secretion intensity in
the wells containing no cells (fig. S1 and Materials and Methods). LPS-
stimulated cells secreted statistically significantly more of the cytokines
tested, except for IL-1p, than did vehicle-treated cells (Fig. 1B). LPS in-
creased both the mean secretion intensity and the percentage of cells that
secreted more than the BT in the SCBC. Greater than 60% of cells se-
creted more than the BT of IL-8, CCL4, or CCL5. Greater than 30%
of the cells secreted TNF-a or IL-10, but less than 20% of cells secreted
IL-1B, IL-6, or GM-CSF (Fig. 1B). Despite the relatively low percent-
ages of cytokine-secreting cells, there were at least a few cells that se-
creted large amounts of all of the cytokines measured; that is, these
cells produced cytokines with measured fluorescence intensities that were
at least three orders of magnitude greater than the background amounts.
To confirm the percentages of cells that secreted cytokines, we analyzed
the single-cell preparations by flow cytometry. In this assay, cytokine se-
cretion was blocked by brefeldin A to permit quantification of the accu-
mulated intracellular cytokines. The percentages of cells that produced
cytokines were similar between the two assays (fig. S2), and therefore,
we conclude that the relatively small percentage of cells that secreted
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Fig. 1. Loss of paracrine signaling in isolated single cells attenuates the
LPS-stimulated secretion of some cytokines. (A) LPS-induced inflammatory
responses may be altered between cell populations (left) and isolated cells
(right) because of the loss of paracrine signaling among isolated cells. (B)
Intensities [arbitrary fluorescence units (AFU)] of the indicated proteins se-
creted from single U937 cells treated with vehicle control (blue; n = 586 cells)
or LPS for 20 hours (red; n = 601 cells) from one experiment that is repre-
sentative of two or four independent experiments for control (Con) and LPS,
respectively. The BT for each protein (black line) is calculated on the basis of
the zero-cell wells (see Materials and Methods). The percentages of cells
with secretion intensities above the BT are indicated. *P < 0.05 by Bonferroni-
corrected Wilcoxon-Mann-Whitney test. (C) Comparison of the concentra-
tions of the indicated secreted proteins in the culture medium of the cell
population (plate) and the average concentration of all single cells cultured
in the SCBC (X SC) for vehicle-treated (blue) and LPS-treated (red) cells.
The protein concentrations in the culture medium of the cell population
were measured by ELISA and are means + SEM of at least three biological
replicates. Single-cell secretion intensities were converted to concentra-
tions on the basis of recombinant protein standard curves (fig. S3 and
Materials and Methods), and concentrations for cells with intensities below
the BT were set to zero. Values are means + SEM of two (control) or four
(LPS) biological replicates. **P < 0.05 by ¢ test.
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some cytokines was not a result of the sensitivity or format of the SCBC
assay.

To quantify differences in cytokine secretion between the cell popula-
tion and the cells isolated in the SCBC, we converted the intensity values
measured in the SCBC to cytokine concentrations through recombinant
protein standard curves (fig. S3 and Materials and Methods). The average
concentration of each cytokine in the SCBC could be directly compared to
the concentration in the cell culture plate because the volume per cell was
approximately equal in both formats. The effect of cell isolation on total
secretion varied for different cytokines. The amounts of IL-6 and IL-10
secreted in the SCBC were about 10-fold lower than those in the cell pop-
ulation (Fig. 1C), despite the presence of a subpopulation of isolated
single cells that secreted relatively large amounts of these cytokines
(Fig. 1B). The amounts of secreted CCL4, GM-CSE, and IL-8 in the SCBC
were 1.5- to 4-fold lower than those in the cell population, although only
the reduction in the amounts of secreted IL-8 was statistically significantly
different (Fig. 1C). In contrast, the amounts of LPS-stimulated CCLS, IL-18,
and TNF-o that were secreted by cells in the SCBC were comparable to
those secreted by cells in the population. Note that in the vehicle-treated
SCBC control, the amounts of secreted TNF-a, IL-1B, and CCL4 were
greater than those in the vehicle-treated cell population, whereas the amount
of secreted IL-10 was less (Fig. 1C), which may have been caused by the
loss of paracrine signals, a reaction to culture on the PDMS, or some other
factor. The statistically significant differences between the amounts of cy-
tokines secreted by the cultured cell population and the SCBC “popula-
tion” of isolated cells did not change when we included secretion by cells
below the BT, demonstrating that our results were not dependent on how
we set the threshold for secreting cells (fig. S4). Overall, our results showed
that the LPS-stimulated secretion of some cytokines, including CCLS5,
IL-1B, and TNF-0, was unaffected by the loss of paracrine signaling,
whereas for IL-6 and IL-10, the isolation of cells in the SCBC substan-
tially attenuated the amounts secreted compared to those secreted by cells
in the population.

To test for a dependency on paracrine signals from neighboring cells
within a different format, we reduced the cell density fivefold and used
enzyme-linked immunosorbent assay (ELISA) to measure the amounts of
cytokines secreted by the cell population. We found that the LPS-stimulated
secretion of CCL4, CCLS, IL-1B, and IL-8 was not markedly dependent
on cell density, whereas the amounts of GM-CSE, IL-6, IL-10, and TNF-a
secreted per cell were all substantially reduced when the cell density was
decreased fivefold (fig. S5). This dependence on cell density was consist-
ent with the largest fold changes in cytokine secretion observed between
the SCBC and plate-based assays, except in the case of TNF-a (Fig. 1C).
Thus, we conclude that the cytokines that exhibited attenuated secretion
when cells were isolated in the SCBC (that is, IL-6, IL-10, and, to a lesser
extent, GM-CSF) were at least partly dependent on paracrine signaling for
maximal secretion in the cell population.

Isolated single cells demonstrate altered

secretion patterns over time as compared

to cells in a cultured population

We next collected single-cell experimental data at 4 and 8 hours, in addi-
tion to 20 hours, after LPS stimulation to determine whether changes in
cytokine secretion by isolated cells were apparent at earlier time points.
For each cytokine, we compared the average secretion for all single cells
in the SCBC with the average secretion in the cell population (Fig. 2A).
We further examined the average concentration of each cytokine secreted
by the subpopulation of secreting cells (that is, only cells with intensities
above the BT for the indicated cytokine) over time (Fig. 2B). We observed
additional changes in cytokine secretion over time that were not apparent

at 20 hours. Specifically, we observed an increase in the secretion of
IL-1P at 4 and 8 hours in the SCBC that was not detected in the cell pop-
ulation, possibly because of uptake of the cytokine by other cells (22). The
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Fig. 2. Isolated single cells show altered cytokine secretion patterns over
time as compared to those of cells in a population. (A) Comparison of the
concentrations of the indicated proteins secreted by cells in a popula-
tion (black) and the average concentration of secreted proteins of all
single cells cultured in the SCBC (red) in response to treatment with LPS
for the indicated times. Fluorescence intensities for the secreted proteins
were converted to concentrations as described earlier and include all cells
above the detection threshold (DT) even if they were below the BT (as in fig.
S4). Time courses were compared by two-factor analysis of variance
(ANOVA). *P < 0.05, **P < 0.01. (B) Average concentrations of the indi-
cated proteins secreted by secreting cells (that is, cells with intensities above
the BT; bars, left axis) and the percentages of secreting cells (circles, right
axis). Data in (A) and (B) are means + SEM of two to four independent
SCBC or cell population experiments. (C) Concentrations of IL-6 (left) and
IL-10 (right) secreted by single U937 cells at 4 (n = 587 cells), 8 (n = 812),
and 20 hours (n = 601) after stimulation with LPS. Cells that secreted cyto-
kines at concentrations above those detected in the cultured cell population
are indicated in red. Data are from one experiment that is representative of
two to four independent experiments.
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secreted IL-1 was produced by a small percentage of cells within 4 hours
of LPS stimulation (Fig. 2B). In contrast, the secretion of CCL5, IL-8, and
TNF-a in the SCBC was similar to that in the cell population at 4, 8, and
20 hours, with a steady increase in the average amount of each cytokine
produced by secreting cells.

We also observed that attenuation of the secretion of IL-6, IL-10,
and, to a lesser extent, GM-CSF occurred at different times. The secre-
tion of IL-6 and GM-CSF by cells in the SCBC was similar to that by
cells in the population through 8 hours, but then was reduced in the SCBC
from 8 to 20 hours (Fig. 2A), with a corresponding flattening of the av-
erage amount produced by secreting cells (Fig. 2B). In contrast, the secre-
tion of IL-10 was reduced between 4 and 8 hours after stimulation, with
no substantial increase observed in the SCBC or in the average secretion
by secreting cells over time (Fig. 2, A and B). These results are consistent
with a dependence of IL-6 and IL-10 on paracrine signals. For IL-6 and
IL-10, a small percentage of cells secreted cytokines at the same or greater
concentration than that measured in the cultured cell population at each
time point (Fig. 2C; cells highlighted in red), suggesting that some isolated
cells secreted all of the autocrine or paracrine factors necessary to stimu-
late maximal secretion.

Finally, we quantified the “secretion noise” for the LPS-stimulated cy-
tokines at 4, 8, and 20 hours after stimulation. The coefficient of variation
(CV), in which the SD was normalized to the mean secretion by all cells
(fig. S6), was used as a measure of noise (24). The CV for IL-6 and GM-
CSF increased between 8 and 20 hours (from ~100% to between 300 and
400%), consistent with a dependence of IL-6 and GM-CSF on heterogeneous
input signals, whereas the CV values for IL-18 and TNF-a were consist-
ently high over time. These data suggest that differences in signal heteroge-
neity over time in the SCBC may reflect different patterns of regulation.

GGM analysis of single-cell data reveals paracrine
dependencies in the LPS-stimulated signaling network
Because the secretion profile of the population depended on the paracrine
exchange of extracellular signals between neighboring cells, isolating cells
in the SCBC increased the variability of the signaling inputs across cells.
Therefore, each cell in the SCBC could be viewed as a perturbation ex-
periment, and thus, we hypothesized that we could infer critical paracrine
signals in the LPS network from the single-cell data (25, 26).

To derive an extracellular regulatory network from our single-cell data
sets, we first calculated pairwise correlations to assign connections (edges)
between cytokines (nodes) based on the combined single-cell, time-course
data. Of 28 possible pairwise correlations among the eight cytokines
measured, we identified 24 of 28 that had statistically significant correla-
tions (fig. S7A), which formed a dense network graph that did not reveal
useful information about network dependencies (fig. S7B). This dense
network is consistent with LPS stimulating the production of all of the
cytokines measured and the fact that pairwise correlations cannot distin-
guish between direct and indirect associations.

Therefore, we turned to GGM (27), which assigns edges between
nodes by calculating the partial correlation between nodes, that is, the cor-
relation that remains between two nodes after accounting for their shared
correlations with all other nodes in the data set. We identified 11 signif-
icant partial correlations (Fig. 3A) out of a possible 28. To interpret our
GGM network, we defined IL-6 and IL-10 as the paracrine-dependent
signals (Fig. 3B, blue). We identified those signals with direct connections
to IL-6 and IL-10 as paracrine regulators (TNF-o, IL-1B3, and GM-CSF;
Fig. 3B, red), whereas those proteins that did not have direct connections
(CCLA4, CCLS5, and IL-8) were defined as nonparacrine signals (Fig. 3B,
gray). Both TNF-o and IL-1B act as autocrine or paracrine signals in re-
sponse to LPS. The LPS-stimulated production of TNF-a mediates a sec-

ond phase of nuclear factor kB (NF-kB) activation in mouse embryonic
fibroblasts (18, 19), and this TNF-a acts in a paracrine manner (20). In
primary human MDMs, blocking signaling through the IL-1 receptor
(IL-1R) substantially decreases the production of TNF-o, IL-8, IL-6,
and IL-1P in response to a range of PRRs (including TLR4), which dem-
onstrates the importance of autocrine signaling by IL-1§ (22). We ob-
served only one negative partial correlation in our study (between IL-13
and CCL4), but we were unable to find support for this connection in
published studies.

To confirm the autocrine and paracrine signaling roles revealed by the
GGM-based analysis of the U937 single-cell data, we measured how indi-
vidually blocking the signaling of each cytokine altered the LPS-stimulated
secretion of all the other cytokines (Fig. 3C, fig. S8, and table S2). When
TNF-a signaling in response to LPS was blocked with soluble TNF re-
ceptor (STNFR), the amounts of IL-6 and IL-10 that were secreted by the
U937 cell population were reduced by 35 and 25%, respectively, com-
pared to the amounts secreted by cells treated with LPS alone, whereas
the amounts of CCL4, CCLS5, and IL-8 that were secreted were reduced
by 20 to 25%. With the exception of IL-6, there were edges between all of
these cytokines and TNF-o in the GGM network, confirming that the
LPS-stimulated secretion of these cytokines was partially dependent on
intermediate TNF-o signaling and that isolation in the SCBC perturbs this
connection (Fig. 3C).

Our data also confirmed a paracrine signaling role for GM-CSF. Neu-
tralization of GM-CSF with an anti-GM-CSF antibody resulted in a more
than 20% reduction in the secretion of every cytokine in the network, ex-
cept for CCLS, with the greatest reduction observed for TNF-a (>40%
reduction). This finding is consistent with the direct edge between TNF-o
and GM-CSF and the indirect edges connecting other cytokines to GM-
CSF through TNF-o. In addition, previous studies linked the activation of
GM-CSF and TNF-o in macrophages (28, 29). When IL-1 signaling in
response to LPS was blocked with a combination of an anti-IL-1f anti-
body and an IL-1R antagonist (IL-1RA), the amount of IL-6 secreted was
reduced by 10% (Fig. 3C), suggesting that paracrine signaling by IL-1 plays
a minor role. Furthermore, the amount of CCL4 secreted was also reduced
by ~10% when IL-1p signaling was blocked, which is suggestive of a pos-
itive regulatory relationship, rather than the negative connection observed
in the GGM network (Fig. 3C).

Blocking IL-6 signaling with an anti—IL-6 receptor (IL-6R) antibody
reduced the amount of IL-10 that was secreted by 20%, consistent with the
GGM network, which suggests that paracrine IL-6 signaling also plays a
role. Furthermore, blocking IL-6R signaling also decreased the secretion
of IL-6 itself (Fig. 3C). As predicted, neutralization of CCL4, CCLS5, or
IL-8 did not substantially reduce the secretion of other cytokines in the
network; however, IL-8 and IL-10 appeared to negatively regulate the
network. The neutralization of IL-10 increased the amounts of GM-CSF,
IL-6, and IL-8 that were secreted by 20 to 40%, and neutralization of
IL-8 increased the amounts of IL-1p and IL-6 that were secreted by 30
to 40% (Fig. 3C). We hypothesize that the low abundances of IL-1p,
IL-6, and IL-10 in the SCBC prevented these negative regulatory edges
from being uncovered by the GGM-based analysis. Overall, we conclude
that TNF-a, GM-CSE, IL-6, and, to a lesser extent, IL-1f act as paracrine
signals that enhance the LPS-stimulated secretion of IL-6 and IL-10, as
well as of other cytokines in the network, and that these dependencies
can be inferred from the isolated single-cell data sets.

To test the extent to which these four signals accounted for the reduc-
tion in cytokine secretion that was observed in the SCBC, we examined
whether simultaneously blocking signaling by TNF-o, IL-13, GM-CSFE,
and IL-6 in the cell population would reduce the amounts of IL-6 and
IL-10 secreted to those observed in the SCBC. Blocking all four of these
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Fig. 3. GGM analysis of single-cell data reveals paracrine dependencies in the LPS-stimulated network.
(A) Significant partial correlation coefficients in the LPS-stimulated cytokine network based on the com-
bined LPS-treated single-cell secretion data (4, 8, and 20 hours). The significance of a partial correlation
between two cytokines was evaluated as described in Materials and Methods and retained if P < 0.06.
(B) An undirected graph of the partial correlation coefficients from (A). The solid and dashed lines indicate
positive and negative partial correlations, respectively. Cytokines are categorized as being dependent on
paracrine signaling for their secretion (blue), being mediators of paracrine signaling (red), or being non-
paracrine signals (gray). (C) Changes in the LPS-stimulated secretion by the cell population of the indi-
cated cytokines at 20 hours after stimulation that were caused by the indicated blocking agents (see table
S2 for the blocking antibodies and targets). The amounts of secreted cytokines were measured by ELISA
or Bio-Plex. Data are means of three biological replicates, and only statistically significant results are shown
(P < 0.05 by ttest; see fig. S8 for bar graphs of the means + SEM of the complete data set). The colors and
sizes of the circles indicate the magnitude of inhibition or enhancement of secretion. (D) Fold change in the
LPS-stimulated secretion of IL-6 (top) and IL-10 (bottom) at 20 hours in the absence or presence of re-
agents that simultaneously blocked GM-CSF, IL-1B, IL-6, and TNF-a signaling (labeled as “Bl. 4”). The
amounts of secreted cytokines were measured by ELISA, and data are means + SEM of three biological
replicates. *P < 0.05 by t test. Data from the SCBC are included for reference.

signals reduced the amount of IL-6 that was secreted by 70%, which was
relatively close to the 90% reduction in IL-6 secretion that was observed in
the SCBC (Fig. 3D); however, blocking all four signals reduced the
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amount of IL-10 that was secreted by only
40%, suggesting that there were other para-
crine signals that contributed to enhanced
IL-10 secretion or that this enhancement
was affected by the dynamic pattern of se-
cretion of cytokines that mediate paracrine
signaling, which was missed because of
the simultaneous administration of all four
inhibitors. Overall, our data suggest that
multiple paracrine signals contribute to
LPS-stimulated cytokine secretion and,
therefore, that preventing cell-to-cell com-
munication effectively reduces the inflam-
matory response.

Paracrine signaling, but not

the addition of TNF-a alone,
enhances the LPS-stimulated
response in the SCBC

We hypothesized that cell isolation would
block paracrine signaling most effectively
if a small subset of cells within a popula-
tion secreted most of a given intermediate
signal. A closer look at the distribution of
TNF-a secretion revealed that the average
amount of cytokine secreted by cells above
the BT at 4 hours (24% of the population;
Fig. 4A) was ~530 pg/ml. However, for the
top 5% of cells, the average amount of TNF-o.
secreted was ~4400 pg/ml. This means that
these 5% of the cells accounted for ~60%
of the total amount of TNF-o produced, which
suggests that a small subset of “high TNF-o—
producing cells” may drive the inflammato-
ry response to LPS.

To confirm the presence of these cells
in a cultured cell population, we treated the
cells with brefeldin A and imaged the cells
4 hours after they were treated with LPS.
As expected, we observed a small percent-
age of cells that exhibited intense staining
for intracellular TNF-o (Fig. 4B), whereas
the overall number of TNF-o—producing
cells was similar between the SCBC and
brefeldin A experiment (~20%; fig. S9).
Isolation of these high-secreting cells in a
single well would thus substantially reduce
the availability of the paracrine signal
provided by TNF-a in a cell population
and could lower the amounts of other se-
creted cytokines, as was observed in the
SCBC (Fig. 1C). An important consequence
of paracrine signaling may therefore be to
amplify the response of the population of cells
by “sharing” noisy signals, such as TNF-o
and IL-6 produced by high-secreting cells
(fig. S6).

We next designed an experiment to quantify a role for paracrine sig-
naling in amplifying the LPS-stimulated secretion of cytokines. In the first
case, TNF-a (1 ng/ml) was added to the U937 cells together with LPS
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Fig. 4. Paracrine signaling enhances cytokine secretion by isolated cells.
(A) Distribution of the single-cell secretion of TNF-a 4 hours after stimula-
tion with LPS. Data are from 1329 cells combined from two independent
experiments. The BT (black line) is 373 pg/ml. Cells that secreted TNF-o
at a concentration above the BT are in black, whereas the top 5% of
cells (in terms of amount of TNF-a that they secreted) are in red. Inset:
Average secretion for all cells, cells above the BT (black), and the top
5% of cells (red). (B) Staining for intracellular TNF-o, (red channel) in a
cultured population of U937 cells that were incubated for 4 hours with
LPS in the presence of brefeldin A. Cell nuclei were stained with 4',6-
diamidino-2-phenylindole. Images are representative of two experiments.
ICS, intracellular cytokine staining. (C) Schematic of the experimental
setup for testing how the addition of a “uniform TNF-a” signal (1 ng/ml)
compared to culturing the cells together for 4 hours (“paracrine mixing”)
before they were isolated in the SCBC. (D) Measurement of the average
amounts of the indicated cytokines that were secreted by single U937
cells cultured in the SCBC for 20 hours after they had been stimulated
with LPS alone, LPS and TNF-a (1 ng/ml), or LPS followed by paracrine
mixing. Data are means + SEM of two independent SCBC experiments (n >
1280 cells for each condition). *P < 0.05 by t test. All cells above the DT
were included in the analysis. The dotted line indicates the average amount
of the indicated cytokines secreted in a cultured cell population (not shown
for IL-6 and IL-10 because of differences in scale).

(100 ng/ml), and then the cells were directly isolated and cultured in the
SCBC (Fig. 4C, left). In the second case, LPS (100 ng/ml) was added to
the cells, and then they were cultured as a population for 4 hours (a pro-
cess that we refer to as paracrine mixing) before they were isolated in the
SCBC (Fig. 4C, right). In both cases, secreted cytokines were measured at
20 hours after stimulation with LPS and were compared to those secreted
in response to LPS alone.

Somewhat surprisingly, combining TNF-o with LPS did not increase
the total amounts of any of the secreted cytokines (Fig. 4D); however,
TNF-a increased the percentages of cells that secreted IL-6, GM-CSF,
or IL-10 (fig. S10), suggesting that TNF-a played a role in initiating cy-
tokine secretion, but that additional factors were required for amplification
of the signal. Another possibility is that the timing of stimulation of the
cells with TNF-a relative to that with LPS is important for achieving sig-
nal amplification, because a paracrine signal mediated by TNF-o would
be received by cells after the initial LPS stimulus. To begin to address this,
we stimulated a cultured cell population with LPS together with recombi-
nant TNF-a (1 ng/ml), which was added either at the same time as the
LPS or 4 hours later; however, in both cases, we observed no TNF-o—dependent
increase in the secretion of any of the cytokines analyzed (fig. S11). Al-
though this result may suggest that the timing of exposure of the cells to
TNF-a was not critical, it could also be true that that amount of TNF-o,
that is secreted by the cell population is sufficient for paracrine signaling,
and therefore that exogenous TNF-o has no additional effect. Unfortu-
nately, a direct test of the timing of stimulation with TNF-a is not possible
with the current SCBC design.

When LPS-stimulated U937 cells were incubated en masse for 4 hours
before being isolated in the SCBC, paracrine mixing increased the concen-
trations of secreted CCL4, IL-8, and GM-CSF to match those observed in
the cultured population of cells (1.5- to 2.5-fold; Fig. 4D). Paracrine
mixing also modestly increased the total amount of secreted IL-10, but
the resulting concentration was still much lower than that secreted by cells
in the population. There was no observed effect of paracrine mixing on the
amount of IL-6 secreted, perhaps because the largest changes in IL-6 se-
cretion occurred between 8 and 20 hours after stimulation (Fig. 2A). To
measure how paracrine signaling affected the percentage of cells that se-
creted cytokines, we performed flow cytometry analysis to compare the
amounts of intracellular cytokines in cells that were treated with brefeldin
A at the same time that they were treated with LPS (to block both auto-
crine and paracrine signaling) with those in cells that were treated with
brefeldin A 4 hours after they were treated with LPS (such that some au-
tocrine and paracrine signaling could take place). When brefeldin A was
added after the cells were exposed to LPS, there was a 1.5- to 2-fold in-
crease in the percentages of cells that secreted IL-6, IL-10, or IL-1pB, but
not other cytokines (fig. S10). Overall, these data support a role for para-
crine signaling in amplifying the secretion of cytokines from neighboring
cells, but they also demonstrate that neither TNF-a alone nor paracrine
signaling in the first 4 hours after LPS stimulation is sufficient to repro-
duce the cell population response.

Positive autoregulation may create microenvironments
of high IL-6 secretion and increase overall

cell-to-cell heterogeneity

We observed that the variability in the amount of IL-6 secreted by indi-
vidual cells increased over time in the SCBC, such that by 20 hours, the
intercellular heterogeneity was greater for IL-6 than for other cytokines
(490%; fig. S6), and therefore, we sought to study the characteristics of
IL-6 secretion in more detail. Inspection of the distribution of IL-6—secreting
cells revealed a highly skewed distribution at 20 hours, with a small
number of cells secreting 50 to 100 times more than that secreted by
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the average cell (Fig. SA). These “super secretors” were observed across
different SCBC experiments and experimental conditions (Fig. 5A, com-
pare the red and gray distributions); however, we were unable to observe
high IL-6-secreting cells in cell culture by intracellular cytokine staining
with brefeldin A at early times after stimulation with LPS as we had been
able to do with TNF-o—secreting cells (Fig. 4B). Therefore, we conclude
that autocrine signaling is required to produce this skewed IL-6 response.

IL-6 is involved in a strong positive feedback loop that amplifies
IL-6 signaling (30). Positive autoregulatory networks generally increase
cell-to-cell heterogeneity in biological responses (37), and therefore, we
hypothesized that isolated cells that secreted IL-6 could lead to the forma-
tion of microenvironments in which the concentration of IL-6 is high. In
experiments in which IL-6 signaling was blocked with an anti-IL-6R an-
tibody, we observed a substantial decrease in IL-6 secretion (Figs. 3C and
5B). Furthermore, the addition of IL-6 in combination with LPS statisti-
cally significantly enhanced the amount of IL-6 secreted by the cell pop-
ulation (Fig. 5B), after accounting for the added IL-6, in contrast to our
observations from experiments with added TNF-o (fig. S11). Thus, we
suggest that positive autoregulation of IL-6 could result in enhanced IL-6
secretion by isolated single cells whose secreted IL-6 is not taken up by
neighboring cells, whereas the loss of IL-6 paracrine signaling may further
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Fig. 5. Positive autoregulation of IL-6 may increase cell-to-cell heterogeneity
when single cells are isolated. (A) Distribution of the amounts of IL-6 se-
creted above the BT by 202 cells after 20 hours of incubation with LPS
alone (red) or in the presence of TNF-a (gray). (B) Normalized concentra-
tions of IL-6 secreted by a cell population after 20 hours of treatment with
LPS alone, IL-6 alone (100 pg/ml), LPS with an anti-IL-6R antibody, or LPS
with recombinant IL-6. The amounts of IL-6 secreted were measured by
ELISA, and the final IL-6 concentration was calculated as follows: [concen-
tration measured in sample — concentration measured for recombinant IL-6
without cells]. Data are normalized to treatment with LPS alone and are
means + SEM of two or three biological replicates. *P < 0.05 by  test.

contribute to the observed attenuation of IL-6 secretion by isolated cells.
Overall, our data suggest that autocrine signaling by IL-6 contributes to
the amplification of IL-6 secretion and results in the generation of “super
secretor” cells.

Loss of paracrine signaling attenuates the secretion of IL-6
and IL-10 by primary human MDMs, but increases the
secretion of TNF-a by disrupting negative feedback

Finally, we sought to verify the broader applicability of our findings by
measuring single-cell secretion by primary human MDMs. After the
monocytes were isolated from peripheral blood, they underwent differen-
tiation into macrophages and were isolated in the SCBC, treated with LPS
(100 ng/ml) for 20 hours, and then analyzed for their secretion of IL-8,
CCL4, CCL5, TNF-a, IL-1B, IL-6, IL-10, and GM-CSF. Most of the
MDMs (70% or more) produced CCL4, CCLS, or TNF-a in response to
LPS; however, less than 50% of the cells produced IL-6, IL-10, or IL-1B
(fig. S12A). About 50% of the LPS-treated MDMs secreted GM-CSF,
which was substantially greater than the percentage of U937 cells that se-
creted GM-CSF (52% versus 17%; fig. S12A and Fig. 1B). Overall, the
percentage of primary MDMs that secreted cytokines in response to LPS
was greater than that of U937 cells; however, the secretion noise of both cell
types in response to LPS was similar. IL-6 and IL-10 displayed CVs on the
order of 200% at 20 hours (fig. S12B), and cell-to-cell heterogeneity in the
secretion of TNF-o by MDMs at 6 hours after LPS stimulation was very
similar to that of U937 cells at 4 hours, with 5% of cells accounting for
more than 50% of the total amount of TNF-o. that was secreted (fig. S12C).

Consistent with the results from our experiments with U937 cells, the
secretion of IL-6 and IL-10 by MDMSs was attenuated for cells isolated in
the SCBC (Fig. 6A), even though individual cells showed substantial in-
creases in cytokine secretion (fig. S12A). The amounts of IL-8 and IL-13
secreted by the MDMs were broadly similar in both the cell population
and the SCBC (Fig. 6A). The amounts of TNF-a, GM-CSE, and CCL5
that were secreted by MDMs in the SCBC were greater than those se-
creted by cells in the population, a finding that was not observed in ex-
periments with U937 cells (Fig. 1C).

We performed GGM to determine whether the autocrine and paracrine
signaling network for MDM cells that was inferred from single-cell data
was consistent with results from similar analyses of U937 cells. On the
basis of the partial correlations calculated from the 20-hour binary secre-
tion data, we identified 15 statistically significant partial correlations out
of 28 possible pairwise edges (Fig. 6B), suggesting that the regulation of
cytokine secretion by paracrine signaling was more extensive for MDMs
than it was for U937 cells. TNF-o was the most highly connected node in
the MDM network, with connections to CCL4, CCL5, GM-CSE, and IL-10
that were similar to those in the U937 cell network (compare Fig. 6B with
Fig. 3B). In the GGM network for primary MDMs, TNF-a was also di-
rectly connected to IL-6, consistent with our experimental results from re-
ceptor perturbation assays with U937 cells (Fig. 3C). We also observed a
negative partial correlation between IL-1B and CCLS in the MDMs (Fig.
6B), an interaction that motivates follow-up experiments.

Finally, we explored the increased secretion of TNF-o by MDMs in
the SCBC. We noted that in the cell population, the amount of TNF-o that
was secreted at 20 hours was less than that secreted at 6 hours, whereas in
the SCBC, the amount of TNF-a that was secreted increased over the
same time period (Fig. 6C). IL-10 is implicated in inhibiting the secretion
of TNF-a and GM-CSF (32), and therefore, one possible explanation for
the observed increased TNF-o secretion in the SCBC is that the attenuated
secretion of IL-10 might indirectly lead to the increased secretion of TNF-o
and GM-CSF by isolated cells. The GGM network for both U937 cells
and MDMs indicated that there was a direct connection between TNF-a
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Fig. 6. Decreased secretion of IL-10 by isolated primary human MDMs is
coupled to increased secretion of TNF-a and other inflammatory cytokines.
(A) Comparison of the concentrations of the indicated secreted proteins
20 hours after incubation with vehicle (blue) or LPS (red) for MDMs in a
population (left) and in the SCBC (right). Single-cell secretion intensities
were converted to concentrations on the basis of recombinant protein stan-
dard curves as described earlier (fig. S3 and Materials and Methods). Se-
creted cytokine concentrations for the cell population were measured by
ELISA. Data are means + SEM for two independent experiments for both
the SCBC (n = 1331 cells) and population experiments. *P < 0.05 by t test.
(B) GGM of the LPS-induced signaling network in MDMs inferred from data

and IL-10. Blocking TNF-o. signaling in MDMs with STNFR resulted in a
70% reduction in the amount of IL-10 secreted, as well as substantial re-
ductions in the amounts of CCL4, CCLS5, and IL-6 that were secreted (Fig.
6D). Conversely, the neutralization of IL-10 signaling in MDMs resulted
in four- and threefold increases in the secretion of TNF-o. and GM-CSE,
respectively, as well as in the increased secretion of CCL4, CCLS5, IL-6,
and IL-8 (Fig. 6E). Overall, we hypothesize that a small percentage of
cells that secret large amounts of TNF-a are necessary (although perhaps
not sufficient) to increase the amounts of IL-10 that are secreted, and that,
in turn, IL-10 inhibits the secretion of TNF-a, as well as of other pro-
inflammatory cytokines (Fig. 6F). Overall, our study suggests that cell-to-
cell heterogeneity in cytokine secretion, together with paracrine signaling,

Time (hours)

from single-cell experiments. Edges were included if P < 0.05. Cytokines
are colored as described for Fig. 3B. (C) Comparison of the concentration
of TNF-a secreted by the cell population (black) and the average con-
centration of TNF-a secreted by single cells cultured in the SCBC (red)
at 0, 6, and 20 hours after stimulation with LPS. (D and E) Fold changes
in the LPS-stimulated secretion of the indicated cytokines after 20 hours
of incubation in the context of blocking (D) TNF-a or (E) IL-10 signaling. The
amounts of the cytokines secreted were measured by Bio-Plex and are
means + SEM of three biological replicates. *P < 0.05 by t test compared
to cells treated with LPS alone. (F) Network diagram of an [1-FFL formed by
TNF-a and IL-10 (see Discussion).

affects both the positive and negative regulation of the LPS-stimulated in-
flammatory response.

DISCUSSION

Microwell-based isolation assays provide a means to explore the cell-to-
cell variability of cytokine secretion. The SCBC design enables measurement
of the secretion from the same single cells of multiple proteins (eight in
this study), which together shape a cellular communication network. How-
ever, a single-cell-based assay cannot be considered a scaled-down version of
an assay of cells in a population because of network-level dependencies on
secreted signals that are implemented through paracrine-based cell-to-cell
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communication. Our results illustrate that when paracrine signaling is
blocked, the amounts of some cytokines secreted on a per cell basis are
substantially less than that secreted by cells that are part of a population,
regardless of whether we analyzed U937 cells or primary human MDMs
(Figs. 1C and 6A). However, because the isolation of cells perturbs the
collective response, variations in the output of individual cells can be used
to efficiently infer meaningful biological connections through graphical
modeling methods, as has been demonstrated for single-cell data sets gen-
erated by flow cytometry (25) and microscopy (26). We identified TNF-o,
IL-1B, GM-CSEF, and IL-6 as mediators of the paracrine network through
GGM modeling of our single-cell data (Figs. 3, A and B, and 6B), and we
validated these findings experimentally (Figs. 3, C and D, and 6, C and E).
Thus, the analysis of cytokine secretion by isolated cells provides informa-
tion that is complementary to that obtained from analyses of cell popula-
tions, and it enables the decoupling of paracrine signaling from autocrine
signaling.

Our results reveal a complex pattern of LPS-stimulated cytokine secre-
tion that is mediated by paracrine signaling (Fig. 7). In response to stim-
ulation with LPS, most cells initiate the secretion of IL-8, CCL4, and
CCLS5. A subset of these cells also initiates the secretion of TNF-o and
IL-1B (and likely GM-CSF), but there is great heterogeneity among these
cells in terms of their response. We hypothesize that a small percentage of
cells that secrete large amounts of TNF-a, IL-1B, and GM-CSEF, as well as
of other paracrine factors not measured in our study, amplify the secretion
of IL-6 and IL-10 (and also GM-CSF). Cells that secrete large amounts of
IL-6 further enhance their secretion of IL-10 and of IL-6 itself.

For primary MDMs, we observed that isolated cells secreted increased
amounts of TNF-o and GM-CSF compared to those secreted by cells in a
population, which we attribute to the loss of inhibitory feedback by IL-10
(21, 32, 33) and potentially other secreted factors not measured in our
study, such as prostaglandin E, (34, 35). The regulation of inflammation
exerted by TNF-a and IL-10 can be characterized as a type I, incoherent
feed-forward loop (I1-FFL) (36), with additional negative feedback from
IL-10 to TNF-o (Fig. 6D). I1-FFL and negative feedback motifs provide
an accelerated response to the activating input while minimizing steady-
state variability (37, 36). Thus, our results suggest that heterogeneous in-
nate immune signals combined with paracrine signaling generate a network
motif that facilitates a rapid and strong inflammatory response while
limiting local inflammation (/7). A single-cell transcriptomic study of the
LPS-stimulated activation of mouse bone marrow—derived dendritic cells
demonstrated that the loss of paracrine signaling through cell isolation re-
sulted in sustained, rather than transient, 7nf transcription (37). The authors
further demonstrated that a small population of cells with enhanced expres-
sion of Ifnb stimulated paracrine signaling, and, because IL-10 is stimulated
by IFN-B (21, 38), the authors suggested that IL-10 might be implicated in
the sustained transcription of 7nf, which provides additional evidence to
support our findings.

Stochastic activation of cytokines has been observed in both innate and
adaptive immunity, including the production of IL-6 and IFN-f in re-
sponse to the activation of TLR4 by LPS (10, 37), of IFN-B in response
to viral sensing by retinoic acid—inducible gene 1 (RIG-I) (9), and of IL-4
in response to the stimulation of T helper lymphocytes (39). Our results
expand on these findings by showing that some inflammatory cytokines
that are directly stimulated by LPS, such as TNF-a, display considerable
cell-to-cell heterogeneity in their secretion within 4 hours of LPS stimu-
lation (Fig. 4, A and B), but that heterogeneity in the secretion of other
LPS-stimulated cytokines, such as IL-6, is strongly affected by paracrine
signaling. Although our results do not provide direct insight into the
sources of heterogeneity that led to the wide variation in cytokine secretion
observed between macrophages at earlier time points, there are several

potential nonmutually exclusive sources suggested by previous studies.
One possibility is that variability in the timing of the monocyte-to-
macrophage transition affects the cell-to-cell variability in cytokine produc-
tion, as has been observed in other experimental systems (10, 40). Another
possibility is that naturally occurring differences in the abundance or states
of signaling proteins can account for the observed variability in the occur-
rence of downstream functions (/, 4/). For example, heterogeneity in the
activation of NF-xB in macrophages and epithelial cells correlates with
variations in the production of TNF-o and the abundance of TNF-o—
stimulated transcripts, respectively (42, 43). We speculate that one or both
of these sources of heterogeneity may partially account for the secretion
variability that we observed in the SCBC.

Although GGM-based analysis uncovered positive regulatory rela-
tionships among cytokines in LPS-stimulated cells, it did not identify
negative regulatory connections, even in primary MDMs in which the
secretion of proinflammatory cytokines was inhibited by IL-10 (Fig. 6, B
and E). Because large concentrations of TNF-o contributed to the secre-
tion of IL-10, as well as that of other cytokines (Fig. 6D), these positive
correlations may confound the discovery of the negative regulation that
follows. Another reason might be that the incidence of cells that secrete
large amounts of IL-10 (for example, >50 pg/ml) is low (about 6%).
Assuming that some threshold concentration of IL-10 is required to inhibit
inflammatory cytokine secretion, the number of data points may be too
few to identify statistically significant partial correlations. Finally, it is pos-
sible that the cells that secrete large amounts of cytokines (including
TNF-o and IL-10) are not the same cells in the population that are inhib-
ited by IL-10. Although currently only speculative, this possibility suggests
a higher level of organization in a cell population, in which distinct subpo-
pulations of the same cell type communicate with each other through para-
crine signaling.

Whether a microwell-based assay or a cell culture plate—based assay is
more representative of the environment in vivo is likely context-dependent.

Mediated by paracrine signaling
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Fig. 7. Schematic model illustrating how paracrine signaling drives LPS-
stimulated cytokine secretion. Most macrophages stimulated with LPS se-
crete CCL4, CCL5, and IL-8, whereas a smaller percentage of cells secrete
IL-1B, TNF-a, GM-CSF, IL-6, and IL-10. The secretion of IL-6 and IL-10 is
dependent on paracrine signals from the subset of cells that secrete IL-18,
TNF-a, GM-CSF, and other factors not measured in our study. The secre-
tion of IL-10 further depends on paracrine signaling by IL-6. IL-10 is the
cytokine whose secretion was most adversely affected by the isolation of
MDM cells. Cells that secrete IL-10 inhibit the secretion of TNF-a, GM-CSF,
and IL-6, as well as of some chemokines (21, 32, 33), which may account
for the increased concentrations of TNF-a and GM-CSF that were secreted
by isolated MDMs.
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The range over which a paracrine signal is effective in tissue culture plates,
which have a relatively high ratio of culture medium to cells, can be on the
order of hundreds of cell lengths (44). In contrast, in a mouse model, TNF
protein has a half-life of 6 min (45), which suggests that paracrine signals
in vivo may be very short-lived and that signaling microenvironments
might be established. Therefore, in some cases, the isolation of single cells
or small populations of cells in microwells may be more representative of
the types of interactions that occur in vivo than is the culturing of cell
populations in a tissue culture plate. We observed highly skewed distribu-
tions of IL-6 secretion in both U937 cells and primary MDMs (Figs. 5 and
6), which we suggest might be specific to the microenvironments of IL-6
established in the microwell-based assay. An IL-6—dependent positive
feedback loop has been implicated in autoimmune diseases (30) as well
as in allogeneic rejection (46), and our results suggest that microenviron-
ments in vivo could contribute to this pathogenesis.

Some important aspects of paracrine signaling cannot be easily tested
with our current device design, including the spatial and dynamic nature
of the intermediate paracrine signals. For example, the delay between a
secondary paracrine signal and the initial stimulus of LPS might be critical
to generating the response. In addition, the spatial orientation of neighbor-
ing cells might also be important. Both temporal and spatial regulations
provide additional ways for cells to tune phenotypic responses through
paracrine signaling. More work is needed to explore if and how these reg-
ulatory mechanisms are important in vivo.

MATERIALS AND METHODS

Fabrication of antibody barcodes and microchamber
array chips

Antibody barcodes and microchamber array chips were fabricated as pre-
viously described (/3). Briefly, chips were fabricated with PDMS (RTV615,
Momentive, parts A and B in a 10:1 ratio) from silicon masters through soft
lithography techniques. To fabricate antibody barcodes, a poly-L-lysine mi-
croarray glass slide (Erie Scientific) was bound to the PDMS chip designed
for flow patterning, and 2 pl of each antibody was then flowed through
individual microchannels until dry. Antibody pairs used in this study are
listed in table S3. The SCBC used in this study contains 3080 rectangular
chambers with the dimensions 35 x 35 x 1850 um (width x depth x length).

Cell culture and reagents

Human monocytic U937 cells (American Type Culture Collection) were
cultured in RPMI 1640 medium supplemented with 10% heat-inactivated
fetal bovine serum (FBS) and 1% penicillin and streptomycin. Cells were
differentiated into macrophage-like cells by culturing them in medium
containing PMA (50 ng/ml) for 48 hours and then in medium without
PMA for an additional 48 hours. Differentiated cells were stained with
allophycocyanin (APC)—conjugated anti-human CD11b antibody (BD
Pharmingen, 561015) and then analyzed by flow cytometry to confirm
that >95% of the cells were CD11b". After the cells had differentiated, they
were lifted from the plate, treated with LPS-EK Ultrapure (100 ng/ml,
InvivoGen, tlrl-epklps) alone or in combination with the reagents indicated
in the legends, and then plated for cell culture. Blocking reagents were
used at the concentrations specified in table S2. Other reagents included
human recombinant TNF-a (1 ng/ml, R&D Systems Inc., 210-TA-020)
and human recombinant IL-6 (100 pg/ml, R&D Systems Inc., 206-IL-
010). Primary human monocytes were isolated from bufty coats (Research
Blood Component) with Ficoll-Paque (GE Healthcare) and the human Pan
Monocyte Isolation Kit (Miltenyi Biotec). Isolated cells were incubated
with phycoerythrin (PE)-conjugated anti-CD14 antibody (Millipore CB2453P)
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and analyzed by flow cytometry to confirm that >95% of the cells were
CDI14". Cells were differentiated into macrophages by culturing them in
RPMI 1640 medium containing 20% heat-inactivated FBS, 1% penicil-
lin and streptomycin, 2 mM L-glutamine, and M-CSF (50 ng/ml, R&D
Systems Inc., 216-MC-005) for 7 days. After they had undergone differ-
entiation, the cells were replated at a density of 500,000 cells/ml, allowed
to adhere overnight, and then were treated with LPS in the presence or
absence of the reagents indicated in the figure legends. All biological repli-
cates presented are from the same donor to distinguish cell-to-cell hetero-
geneity from donor-to-donor variability, but the results are representative
of observations from three donors.

SCBC experiments

SCBC experiments were performed as previously described with some
modifications for primary MDMs (13). Briefly, PDMS nanowell arrays
were treated in a plasma reactor (Harrick Plasma PDC-32G) to make the
surfaces hydrophilic (for MDMs), and then both the nanowell array and
the antibody barcode glass slide were blocked in phosphate-buffered saline
(PBS) containing 3% bovine serum albumin (BSA). U937 cells were loaded
into the PDMS nanowell array immediately after the addition of LPS. Differ-
entiated MDMs were added to the PDMS nanowell array, covered with a
glass slide, and incubated overnight to allow the cells to adhere. After adhe-
sion, the glass slide was removed and the wells were washed three times with
medium, and then LPS or medium was added to the cells. The flow-patterned
glass slide was then placed on top of the PDMS microchamber, and the
device was secured by screws. The device was imaged with a Nikon Eclipse
Ti microscope with an automatic stage to record the cell number in each
nanowell. After the cells were incubated for the times specified in the leg-
ends, the glass side was removed to perform the sandwich immunoassay.
The glass slide was incubated with a mixture of detection antibodies for
1 hour, which was followed by incubation with streptavidin-APC (eBioscience,
5 pg/ml) for 30 min. The slide was blocked for an additional 30 min in PBS
containing 3% BSA, rinsed with PBS and water, and finally scanned with a
GenePix 4200A scanner (Molecular Devices).

Measurement of cytokine secretion by cell populations
Cells were plated at a density of 500,000 cells/ml (unless otherwise spec-
ified) in tissue culture plates and incubated with LPS for the times indi-
cated in the legends. Cell culture medium was collected at the end of the
incubation period and was assayed by ELISA or by Bio-Plex. The anti-
body pairs used in the ELISAs were the same as those used for the SCBC
(table S3). ELISAs were performed according to the manufacturer’s in-
structions. Bio-Plex analysis was performed according to the manufac-
turer’s recommendation. Briefly, beads specific for IL-6, IL-10, GM-CSF,
IL-1B, or TNF-0 were combined and incubated with the undiluted sam-
ples. Beads specific for CCL4, CCLS5, and IL-8 were combined and in-
cubated with samples that had been diluted 100-fold. The beads were then
washed and incubated with detection antibody, followed by streptavidin-
PE. Stained beads were analyzed with a Bio-Rad Bio-Plex system.

Intracellular cytokine staining

Cells were differentiated in a tissue culture plate as described earlier. With-
out being lifted from the plate, the differentiated cells were incubated in
the presence or absence of LPS for 20 hours. For on-plate imaging, U937
cells were differentiated and cultured in a Nunc Lab-Tek II chamber slide.
Brefeldin A (BioLegend) was added to cells either simultaneously with
LPS or 4 hours after the LPS was added, as indicated in the legends. After
incubation, the cells were treated with trypsin (for flow cytometry anal-
ysis only), fixed with cytofix/cytoperm (BD Biosciences), washed with
cytoperm/cytowash (BD Biosciences), and incubated with primary antibodies
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(BD Biosciences) according to the manufacturer’s instructions. All of the
primary antibodies used for intracellular staining were the corresponding
capture antibodies used in the SCBC (table S3). The cells were then
stained with Alexa Fluor 488—conjugated goat anti-rat antibodies spe-
cific for IL-6, IL-10, or GM-CSF (Invitrogen) or with Alexa Fluor 647—
conjugated goat anti-mouse antibodies specific for IL-18, TNF-a, MIP-18, or
IL-8 (Invitrogen). Stained cells were analyzed with a BD Accuri C6 flow cy-
tometer. On-chip staining was imaged with an EVOS FL Auto (AMAFD1000)
microscope.

SCBC data processing

Cell images were analyzed with IsoPlexis Detector software (developed by
IsoPlexis Inc.) to quantify the numbers of cells in each microwell of the
SCBC. To determine the average fluorescence intensity of the individual
antibodies in the SCBC, fluorescent barcode images were analyzed with
GenePix Pro software (Molecular Devices). A BT was calculated from the
zero-cell background data and was defined as mean + 2 x the SD of the
zero-cell data. A custom Python script was used to process the raw data.
To convert the raw intensities measured in the SCBC to concentrations of
cytokines, we used recombinant protein calibration curves (fig. S3). Re-
combinant protein standard curves were derived by measuring the inten-
sity values of recombinant proteins at concentrations between 10 and
100,000 pg/ml in the SCBC. The 4 Parameter Logistic nonlinear regression
model was used to fit the standard curves, and the 95% confidence intervals
were calculated with ProMAT (47). Concentration values larger than the
maximum recombinant protein concentration (100,000 pg/ml) were set to
100,000 pg/ml. In the initial analysis (Fig. 1C), concentration values corre-
sponding to intensities lower than the BT (mean + 2 X SD of the zero-cell
data) were set to zero. For all other figures, concentration values for intensities
less than the detection limit of the calibration curve (DT) were set to zero.

Graphical Gaussian modeling

Data were transformed to a binary matrix (0 = below BT; 1 = above BT)
before GGM was performed. Data points in which two or fewer proteins
were secreted were removed from the data matrix to improve the density
of the sampling. The GeneNet package (1.2.8) (48) was implemented in R
(64 bit, version 3.02), and its heuristic algorithm was used to obtain inter-
actions between measured proteins. The implemented shrinkage estimator
was used to calculate partial correlation networks. A dynamic estimator
was used for time course data and a static estimator for single time points.
Random subsets of the data were acquired through bootstrapping and were
analyzed in GeneNet. The partial correlation matrices were validated
through multiple testing of log ratios of the variances. Statistically signif-
icant connections seen in all subsets of partial correlation networks be-
tween proteins were chosen by a measured P < 0.06.

Statistical analysis

To account for the nonnormal distribution of the SCBC data, the non-
parametric Wilcoxon-Mann-Whitney test was used for hypothesis testing
to determine LPS-regulated cytokines. The o value was set to 0.05 and
improved through the Bonferroni correction. Although the single-cell data
sets were not normally distributed, we assumed that the total concentration
values calculated from each SCBC experiment were normally distributed
on the basis of the law of large numbers (49). Therefore, we used  tests to
compare differences in the means of total secreted output and two-factor
ANOVA to compare time courses of secretion between the SCBC and cul-
tured cell populations. To compare across cell stimulations, the f'test was
first applied to determine whether data sets were heteroscedastic, and then
the Student’s or Welch’s ¢ test was applied as appropriate. All tests were
performed with an o value of 0.05.
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Fig. S1. Schematic of the SCBC.

Fig. S2. Intracellular cytokine staining is consistent with the results from the SCBC assay.
Fig. S3. Recombinant protein standard curves provide a means to convert intensities
measured in the SCBC assay to protein concentrations.

Fig. S4. Including cells below the BT does not change the statistically significant differences
between total secretion in the cultured cell population and the SCBC population.

Fig. S5. Changing cell density affects the amount of cytokine secreted per cell for a subset
of cytokines, including IL-6 and IL-10.

Fig. S6. The secretion noise of IL-6 and GM-CSF increases with time in the SCBC.

Fig. S7. Pairwise correlations do not reliably identify candidates for paracrine signals.
Fig. S8. Analysis of the changes in the LPS-stimulated secretion at 20 hours of the eight
cytokines that were caused by blocking each signal individually in a cultured cell population.
Fig. S9. Intracellular staining for TNF-o demonstrates that high secretors exist in a cell
population.

Fig. S10. TNF-a and paracrine mixing increase the percentage of single cells positive for
IL-6 and IL-10 in response to LPS in the absence of paracrine signaling.

Fig. S11. The timing of TNF-o addition does not enhance LPS-induced cytokine secretion
in a cultured cell population.

Fig. S12. The cell-to-cell heterogeneity in cytokine secretion of primary MDMs is similar to
that of U937 cells.

Table S1. Scientific support for the potential autocrine or paracrine activation of and by the
secretion of the panel of cytokines analyzed in this study.

Table S2. Neutralizing antibodies that were used to block signaling in the cell population
studies.

Table S3. ELISA antibody pairs used in the SCBC.
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