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Transplanted stromal cells have demonstrated considerable promise
as therapeutic agents in diverse disease settings. Paracrine signaling
can be an important mediator of these therapeutic effects at the sites
of acute or persistent injury and inflammation. As many stromal cell
types, including bone marrow-derived stromal cells (BMSCs), display
tissue-specific responses, there is a need to explore their secretory
dynamics in the context of tissue and injury type. Paracrine signals
are not static, and could encode contextual dynamics in the kinetic
changes of the concentrations of the secreted ligands. However,
precise measurement of dynamic and context-specific cellular secre-
tory signatures, particularly in adherent cells, remains challenging.
Here, by creating an experimental and computational analysis plat-
form, we reconstructed dynamic secretory signatures of cells based
on a very limited number of time points. By using this approach, we
demonstrate that the secretory signatures of CD133-positive BMSCs
are uniquely defined by distinct biological contexts, including signals
from injured cardiac cells undergoing oxidative stress, characteristic
of cardiac infarction. Furthermore, we show that the mixture of
recombinant factors reproducing the dynamics of BMSC-generated
secretion can mediate a highly effective rescue of cells injured by
oxidative stress and an improved cardiac output. These results sup-
port the importance of the dynamic multifactorial paracrine sig-
nals in mediating remedial effects of stromal stem cells, and pave
the way for stem cell-inspired cell-free treatments of cardiac and
other injuries.

paracrine signaling | secretome | secretion dynamics | paracrine dynamics |
cell-cell communication

ecreted diffusive molecular factors are critical for intercel-

lular communication enabling complex multicellular behav-
iors (1-3). Not surprisingly, therefore, secretion of various ligands is
highly controlled, frequently dynamic in nature, and, like other
cellular phenotypes, dependent on the biological context (4, 5). The
essential role of paracrine cell-cell communication is illustrated by
dependency of different cell types on cells of other cell types for
their survival through interchanged growth and survival factors.
Paracrine intercommunication between cells through secreted fac-
tors are essential in maintaining tissue homeostasis (6, 7). Pro-
survival effect may also be exercised more acutely in response to
tissue injury or stress. This effect is possibly enabled by circulating
adult stem cells, e.g., those derived from the bone marrow stroma,
but the mechanisms underlying cell—cell communication in such
acute settings remain poorly explored (8-12).

Paracrine signaling underlies the therapeutic potential of adult
stem and stromal cells in diverse contexts (13, 14). The pleio-
tropic nature of cytoprotective function exercised by stem cells in
such contexts suggests that stromal cells modulate their secretory
signature to elicit specific responses in the targeted injured tis-
sue. For example, CD133-positive bone marrow-derived mes-
enchymal stromal cells (BMSCs) currently in phase II clinical
trials to treat myocardial infarction can also exercise therapeutic
effects in many other tissues, e.g., in the brain following stroke,
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suggesting that the reported benefits are caused by the potential
for diverse cellular secretions, each being specific to the partic-
ular injury and tissue type (15, 16). Surprisingly, these cells, like
other adult stem cell types, do not appear to directly integrate
into the damaged tissue, but rather rapidly and completely clear
from the site of MI (myocardial infarction) (10, 17, 18). This
paradoxical finding has led to an increasing speculation that
transient paracrine signaling is the principal mechanism accounting
for BMSC function (1), explaining the survival and rescue of target
tissues, including the heart (16, 18).

If factors secreted by adult stem and stromal cells can indeed
have tissue-protective and therapeutic effects, mimicking their
function constitutes a new cell-independent treatment modality.
This requires quantitative determination of context-specific dy-
namic cell secretion profiles. Historically, such measurements
have proven challenging, not only because of technical limita-
tions in the analysis of the composition of complex solutions, but
also because of the potential for adaptive adjustment of the
secretome to the cell microenvironment (19, 20). Furthermore,
secreted ligands can display diverse dynamical profiles, e.g., in
the form of a sustained release of a molecule, a transient pulse,
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or an oscillatory wave (21-24), even under well controlled, steady
environmental conditions. However, the primary research focus has
been on a more static view of the nature and composition of se-
creted ligands that can be seen as links in the maps of cellular
communication networks (25, 26). Furthermore, technologically,
quantitative analysis of complex interacting cellular systems has
been limited by the expense of individual assays and frequent
scarcity of biological samples (27, 28). The need to amplify weak
signals in such widespread assays as ELISA can introduce a tradeoff
between increasing detection sensitivity and absolute quantification
(29, 30), whereas direct, nonamplifying fluorescence-based sand-
wich immunoassays, although more precise and scalable, suffer
from limited detection capabilities (31). Advanced mass spectrometric
techniques like DESI (desorption electrospray ionization) and
LESA (liquid extraction surface analysis) mass spectrometry
can measure proteins adsorbed onto a surface in small quantities
(32, 33). Microfluidics can provide 2 important advantages in the
analysis of cell secretome: (i) small volume limiting dilution of the
secreted compounds and (ii) more predictable liquid handling (34,
35). Recently, these advantages have been used to enable quanti-
fiable measurements of cell secretions down to a single-cell level
(3640). However, important challenges remain. As the cell se-
cretion is measured in the same compartment in which cells are
cultured, it is difficult to define the time point at which the secretion
of a particular ligand is initiated, compromising the ability of these
platforms to yield kinetically resolved secretion profile data (31).
This problem is particularly acute for adherent cells, which could
have a very different secretory behavior during transient cell ad-
hesion following introduction into the device vs. the more relevant
response of fully adhered cells (31, 36). Current devices also have
limited ability to precisely evaluate the response to an experimental
stimulus delivered within the device, as the secretion and its de-
tection before and after the stimulus may not be time-resolved and
separated (41). These limitations are, however, specific to the in-
dividual detection platform, which may not be focused on dynam-
ical measurement and can thus be overcome with appropriate
modifications.

A more precise analysis of dynamic secretomes could be en-
abled if an economical use of the biological samples (reflected in
relatively few time-resolved measurements) could be coupled
with a well-justified reconstruction and interpolation of the
concentrations of the secreted ligands in time intervals between
the measurements. Arguably, the information required for this
interpolation could be recovered from spatial distributions of
diffusing compounds, relying on the intimate connection between
space and time in diffusion-mediated transport. Frequently, this
information is consciously removed in the design of the measure-
ment devices, aimed at achieving “well-mixed” conditions leading to
a rapid equilibration of secreted ligands between distinct detection
locations within a device (37, 39). However, if this requirement is
relaxed and the spatial profiles of secreted ligands are evaluated at
each time point, further information can be mined from each ex-
perimental measurement, as demonstrated in this study.

Here, we sought to measure secretory dynamics of BMSCs in
diverse conditions mimicking those of cardiac reperfusion injury
by creating a platform combining microfluidics and protein
microprinting with a unique geometry. We took advantage of the
measurement of the diffusion-mediated spatial profiles of li-
gands secreted by BMSCs to reconstruct the temporal dynamics
of the detected constituents of the secretome. Our data suggest
that cellular secretion profiles, including those produced by
BMSCs, can constitute a unique stimulus-matched signature that
can strongly affect other cell types and modulate their behavior,
e.g., increasing their survival. Furthermore, we also demonstrate
antiapoptotic effect of the secretome of BMSCs triggered in
response to signals from cardiac cells injured by oxidative stress.
Strikingly, this apoptotic effect is retained if the secreted mixture
is dynamically mimicked by a mixture of recombinant factors in a
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cell-free manner, paving the way for new therapeutic methods
for rescuing cardiomyocytes from ischemia reperfusion-mediated
cell death during cardiac infarction.

Results

A Measurement Platform Using Spatial Information to Reconstruct
the Secretion Dynamics. If a dynamically secreted substance dif-
fuses over substantial distances and if the resulting spatial con-
centration profiles can be assessed, the spatial distribution of the
substance can reflect the temporal secretion dynamics (Fig. 1 4
and B). Mathematically, the recovery of this information is an
inverse problem of reconstructing the dynamics of the source of
the signal from the resulting distribution of the signal concen-
tration at different distances from the source. For instance, if a
signal is secreted as a pulse, the resulting wave of increased
signal concentration can be detected at time ¢ only up to the
distance of approximately \/Dt from the source, where D is the
diffusion coefficient. Beyond this distance, the signal would have
limited effect. Therefore, if a detection mechanism would consist
of an array of signal-integrating local microspots, located at
different distances from the source, one could establish the
timing of the pulse from the distance the wave has traveled by
the time of detection, thus reconstructing the signaling kinetics
throughout the detection time period even from a single mea-
surement (Fig. 1B). More complex signal secretion dynamics can
be represented as a collection of pulses, leading to convolution
of waves arising from these “elementary pulses” at different
distances over time. The inverse problem of reconstruction of
the signaling dynamics from the resulting spatial profile can still
be solved even for such more complex cases, as demonstrated in
SI Appendix, Supplementary Information 1, Fig. 1C, and SI Ap-
pendix, Fig. S1. This provides one with the opportunity to rely on
a limited number of time-resolved measurements by using arrays
of signal detectors located at various distances from the secreting
cells. This consideration was the key factor driving the design of
an assay described later.

The method we termed “microfluidic fluorescence-linked
immunoabsorbent assay” (LFLISA) was implemented in a de-
vice with 2 chambers initially fluidically separated by surface
tension at the liquid—air interface enabled by closely positioned
microfabricated colonnade of pillars (Fig. 1 D-F and SI Appen-
dix, Fig. S24) (42). Before initiation of detection, the fluidically
isolated experimental chamber is seeded with cells of interest
(e.g., human BMSCs explored here), which are allowed to ad-
here and spread and then be subjected to the desired experi-
mental conditions. These experimental conditions can include
constant or dynamic administration of a drug- or a cell-specific
ligand, change in oxygen tension or acidity, different cell adhesion
substratum coating and mechanics, or a medium conditioned by
incubation of another cell type. To facilitate reconstruction of
paracrine dynamics, the initially fluidically isolated detection
chamber contains rows of immobilized microspots of printed anti-
bodies capable of binding a predefined set of secreted ligands dif-
fusing from the experimental chamber. Each row contains multiple
spots of the same antibody type, allowing detection of the same
secreted factor at different distances from the secreting cells. As the
cell culture medium in the experimental chamber can be refreshed
before initiation of detection, the detection can be limited only to
the compounds that are secreted after a predefined detection ini-
tiation point, eliminating the potentially confounding effects of any
secretions occurring during cell spreading and preconditioning. The
detection is initiated at a desired time point by establishing the
fluidic connection between the experimental and detection cham-
bers by increasing hydrostatic pressure using a syringe pump to
overcome the surface tension-mediated chamber decoupling (S7
Appendix, Fig. S24). The detection can then be accomplished by
stopping the experiment at desired times and using secondary
antibodies to detect the ligands captured at microspots in the
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Fig. 1. Quantitative evaluation of secreted factors using pFLISA leads to reconstruction of secretion dynamics in diverse biological conditions. (A) Schematic
illustration showing that paracrine secretion of BMSCs (bone marrow-derived stromal cells) and other cell types is contextual. Schematically shown are the
expected differences in concentrations of different ligands secreted by BMSCs in basal conditions and in response to injury signals from adjacent tissue; the
composition of the secretome forms a unique paracrine signature in response to specific biological stimuli. (B) Constituents of cellular secretion in tissues or a
measurement device could display secretion dynamics reflected in dynamically changing concentration gradient formed by diffusion in surrounding space.
These can be integrated by neighboring cells in tissue or capture antibodies in a device at different distances from the secreting cells, such as BMSCs. The
measured spatial gradients could be used to reconstruct the original dynamics of secretion for each molecule. (C) Initial test of an algorithm to reconstruct the
dynamic secretion profiles from spatially graded distribution of ligands. (D) A schematic diagram showing the layout of the experimental platform enabling
the pFLISA method. The cells are cultured in the experimental chamber initially fluidically isolated from the detection chamber containing rows of micro-
spotted capture antibodies for a subsequent on-chip detection of secreted ligands; the magnified schematic diagram of detection is shown in E. (F) A mi-
crograph showing the macrofabricated pFLISA platform with cultured BMSCs in the experimental chamber and antibody arrays in the detection chamber
after the chambers were allowed to make fluidic contact and the cell secretions detected; note the spatially graded nature of the detected signals. The device
contains 2 replicas of such 2-chamber arrangements and an area for the on-chip calibration (see text for details). The device is shown (Left) along with a
magnified zone with the experimental chamber with cells stained with DAPI and the detection chamber with stained microspots (Right). (G and H) Measured
graded distributions (G) and reconstructed secretion kinetics (H) of SDF1a secreted by BMSCs in normoxia and hypoxia. The secretion kinetics (H) are shown as
multiple overlaid curves reflecting the experimental uncertainty of the measurements. Each of these curves is in turn used to generate 3 spatial distribution
profiles for different time points corresponding to the experimental measurements, overlaid on the experimental data for 6 h (red), 12 h (green), and 18 h
(blue) after the start of the experiment for SDF-1a. At least 6 technical replicates for each of the 3 biological samples were measured. SSE values are 0.099 (ng/mL)?
for hypoxia and 0.054 (ng/mL)? for normoxia. (/) Time-course analysis of secreted SDF-1a secretion from BMSCs measured by ELISA in normoxia and hypoxia
(n = 3 samples). (J) Correlation between time-course measurements of SDF-1a secretion from BMSCs by ELISA and pFLISA methods for hypoxia (Left) and
normoxia (Right). Solid lines show the linear regression with R?=0.81 for hypoxia and R? = 0.79 for normoxia; 95% Cl shown between dotted lines (*P < 0.05,

**P < 0.01, and ***P < 0.001, Student'’s t test). Error bars show SEM.

experimental chamber. The finite element simulations executed
in COMSOL to model diffusion of proteins (39, 40) in the device
confirmed that diffusion of proteins with the characteristic sizes
matching those of the factors examined here is not distorted by
pillars separating the chambers, with the diffusion profiles stable
over prolonged time periods (SI Appendix, Fig. S2B). This
analysis also predicted that the gradients of secreted ligands in

14376 | www.pnas.org/cgi/doi/10.1073/pnas.1902598116

the detection chamber would persist for multiple hours, sug-
gesting that the distribution of the secreted ligands would not be
spatially uniform (SI Appendix, Fig. S2C). Finally, the device
contained additional rows of antibody spots in a separate stan-
dardization chamber used to make in-chip standard curves re-
lating the fluorescence intensity to a known ligand concentration
(Fig. 1F and SI Appendix, Fig. S2D). In each experiment, we used
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3 standardization measurements with recombinant ligands of
known concentrations (SI Appendix, Fig. S2E).

Before use, we characterized the operational limits of de-
tection within the device, focusing on the Damkohler number
(Da), which describes the ratio of the reaction and diffusion rates
of the molecular species undergoing mass transfer (39, 41, 43,
44). Da << 1 indicates that the device is not reaction-limited
(i.e., the diffusing substances are not depleted through binding to
the detection microspots) and therefore can be used to measure
the secretion dynamics using diffusion as a readout. As an ex-
ample, for the reported rate of secretion by HGF by BMSCs
(45), our analysis revealed that Da remains very low (<0.0001; ST
Appendix, Fig. S34), and that very low Da values are maintained
at all locations in the device for at least 24 h of simulated time
(SI Appendix, Fig. S3B). More generally, Da remains low for
wide ranges of experimentally controllable parameters, including
the number/density of the antibody molecules in a detection spot
(S) and the overall secretion rate of a ligand (n,), taken to be
proportional to the number of cells seeded in the experimental
chamber. Saturation of the antibody spots could become a lim-
iting factor, but simulations suggested that, for the experimental
procedures followed here, it would take more than 24 h for the
microspot most proximal to the experimental chamber to be
significantly saturated (50% of maximal), thereby establishing
the limit on the duration of detection for the experimental pa-
rameters used here (SI Appendix, Fig. S3C). For more extended
experimental measurements, antibody concentration in each
spot could be easily increased. The ligand—antibody binding was
assumed to be integrated over time, as the rates of dissociation
are negligible compared with adsorption. This analysis can be
used more generally to determine the operational limits of any
device with a diffusive ligand coupled to adsorption-based de-
tection. Details of the analysis are shown in SI Appendix, Sup-
plementary Information 2.

Measurement of Dynamic Secretion by Bone Marrow-Derived Stromal
Cells. We next experimentally examined the spatial and temporal
distributions of ligands secreted in response to different condi-
tions relevant to the ischemia reperfusion injury, in which
BMSCs have been reported to show reparative potential (46—48).
In particular, we analyzed the substances secreted by BMSCs for
the presence of a battery of factors previously implicated as both
secreted by these cells and cytoprotective for other cell types
(15): Hepatocyte growth factor (HGF), vascular endothelial
growth factor (VEGF), insulin-like growth factor (IGF1),
Dickkopf-related protein-1 (DKK1), Stem cell-derived factor-1a
(SDF-1a), and interleukin-6 (IL-6). For the rest of the study, we
focused on these factors as potential mediators of the thera-
peutic effect associated with these cells. For each experiment, we
established the linear detection range using standard curves
generated as explained here earlier (see, e.g., SI Appendix, Fig.
S2D). We tested the algorithm described earlier (SI Appendix,
Supplementary Information 1) for its capability to reconstruct
the secretion dynamics of detected factors. To test the limit
of the algorithm to detect short-term secretory dynamics, we used
the algorithm to reconstruct complex secretory dynamic profiles
with differing frequencies, and found that the algorithm reliably
reconstructed oscillatory profiles of the time periods <4 h with the
current device parameters (S Appendix, Fig. S4 and Supplementary
Information 3).

To further support the algorithm validity and determine its
applicability to general secretion analysis, we theoretically deter-
mined how each subsequent measurement of the spatial profiles
can help estimate the dynamics of the secretion (SI Appendix,
Supplementary Information 4). We calculated the uncertainty of
the estimated secretion dynamics and its dependence on the period
of oscillation, and found that the uncertainty was higher for shorter
oscillation periods, but rapidly decreased as the period increased
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(81 Appendix, Fig. SAG). We also found that although the predictive
power was much greater for the earlier portions of the recon-
structed dynamic secretion curves, each subsequent measurement
decreased the uncertainty (variance) for later portions of these
curves (SI Appendix, Supplementary Information 4). More specifi-
cally, for the conditions present in the pFLISA platform, we found
that 3 measurements at 6, 12, and 18 h following the initiation of
detection could substantially limit the uncertainty of the estimates,
providing sufficiently accurate estimate for the first 15 h of the
secretion dynamics (S Appendix, Fig. S4H).

For the selected experimental conditions, our analysis sug-
gested that secreted factors will create spatial concentration
gradients in the detection chamber over periods as long as 20 h.
We first tested this prediction by using normoxic and hypoxic
(1% oxygen) conditioning, starting at the initiation of detection.
Indeed, we observed nonuniform spatial distributions of SDF-1a
(Fig. 1 G and H) and other factors (SI Appendix, Fig. S5) at all
measurement time points (6, 12, and 18 h) after the onset of
hypoxia or normoxia, with these concentrations gradually de-
creasing as the distance to the secreting cells increased. With
time, the graded concentration profiles shifted to higher absolute
levels, indicating gradual accumulation of the secreted factors,
but still showing no evidence of microspot saturation. This result
suggested that this method could indeed be used for measure-
ment of continued, dynamically complex secretion dynamics
through analysis of diffusive spread.

We thus applied the algorithm to estimate the detailed se-
cretory profiles of cytoprotective factors SDF-la, HGF, and
DKKI1 after BMSCs were continuously subjected to hypoxia or
normoxia for the overall secretion durations of 6, 12, or 18 h
(Fig. 1 G and H and SI Appendix, Fig. S6). The secretion dy-
namics were estimated by using the algorithm described here
earlier, which included minimization of error between the ob-
served spatial ligand distribution and the predicted spatial ligand
distribution resulting from the reconstructed secretion dynamics.
The corresponding error was low for the SDF-1a (squared SE
[SSE] = 0.099 [ng/mL]J* for hypoxia, 0.054 [ng/mL]? for normoxia;
Fig. 1H) and HGF secretions (SSE = 0.035 [ng/mL]” for hyp-
oxia, 0.061 [ng/mL]* for normoxia; SI Appendix, Fig. S64) and
for normoxic DKK1, but was somewhat higher for DKK1 se-
cretion in hypoxia as a result of higher variability, which might
have depended on the quality of the antibodies used (SSE =
0.237 [ng/mL]* for hypoxia, 0.050 [ng/mL]* for normoxia; SI
Appendix, Fig. S6B). Overall, the detailed reconstructed dynamic
secretion profiles revealed pronounced differences between
hypoxic and normoxic conditions, suggesting that the absolute
accumulated values and the dynamics of cell secretome can be
affected in low oxygen. Importantly, the algorithm suggested that
BMSCs under hypoxic conditions secreted SDF-1a and HGF in
2 successive pulses, with the first peaking between 0 and 5 h and
the second peaking at 10 to 15 h. On the contrary, the secretion
of both these factors was delayed in normoxic conditions, with
only 1 pulse fully observed over the first 15 h, peaking between
5 and 10 h after initiation of detection. Similar results were
obtained for secretion of DKKI, again subject to a somewhat
higher experimental variability (SI Appendix, Fig. S6).

We sought to validate the results by using independent mea-
surement modalities. First, we measured concentrations of the
ligands secreted by BMSCs preconditioned in normoxia and
hypoxia for 12 h with flow cytometry by using a protein transport
inhibitor monensin and staining BMSCs with the corresponding
antibodies. We found the results of flow cytometry measurement
to be highly consistent with those of pFLISA, confirming the
validity of the method (SI Appendix, Fig. S7 A and B). Second,
we found that the experimental datasets were sufficiently rich to
allow inference of the values of the diffusion coefficient for each
detected molecular species. This was particularly interesting, as
analytical estimation of diffusion coefficients is difficult because
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they depend on a variety of parameters, including the molecular
weight, hydration, viscosity of the medium, temperature, and
interaction with other molecular species (49). The family of so-
lutions obtained by varying the values of the diffusion coefficient
by 50% around the optimal fit values showed that the predicted
kinetics were robust to this parameter variation, presenting
consistent data and matching the experimental variability in the
spatial profiles of the secreted factors (Fig. 1 G and H and SI
Appendix, Fig. S6). This also allowed us to contrast the obtained
values with those independently reported in the literature,
finding good agreement and thus further validating the pro-
cedure (SI Appendix, Supplementary Information 5). Finally, to
also validate the complex dynamic nature of the secretion pro-
files, we compared the SDF-1a secretory dynamics measured by
pFLISA to that measured by using a commercially available
high-sensitivity ELISA. We found that ELISA-based assay,
which had to be performed at a much finer time resolution
(13 time points) showed very similar dynamics of SDF-1a to that
estimated by the pFLISA based on just 3 time points (Fig. 11).
We note, however, that the ELISA measurements performed at
high temporal resolution were more expensive and time- and
material-consuming relative to the pFLISA platform. Kinetically,
although greater time was needed for oxygen equilibration in the
traditional ELISA analysis vs. uFLISA experiments, thus some-
what delaying the response, traditional ELISA and reconstructed
dynamic profiles from the pFLISA experiments consistently
revealed pulsatile secretion, with the first and second secretion
peaks in hypoxic conditions separated by ~10 h (Fig. 1/ and SI
Appendix, Fig. S7C). The amplitudes of responses at different
time points as measured by pFLISA and ELISA were also
quantitatively highly correlated, providing further validation for
the described method of reconstruction of the secretion dy-
namics (Fig. 1J). These results suggested that the pFLISA
measurements over a small number of time points could indeed
reconstruct detailed dynamic secretion profiles.

BMSC Secretory Signatures Are Specific to Physiological Stimuli.
Divergent secretory responses triggered by normoxic vs. hyp-
oxic conditions suggested the ability of BMSCs to modulate the
secretion profiles in a manner defined by extracellular condi-
tions. We further tested if other factors usually present in the
context of cardiac reperfusion injury could also specifically
modulate BMSC secretion. To provide a quick comparison test,

we focused on a single time point (12 h), using detection at the
most proximal microspot to the experimental chamber for each
detected ligand (Fig. 24).

By using normoxic conditions as controls, and contrasting the
results with the effects of hypoxia reported here earlier, we found
that stimulation with a proinflammatory cytokine Tumor Ne-
crosis Factor-a (TNFa; for 18 h) under normoxic conditions
significantly altered the secretion profile (Fig. 2 B-D) vs. the
hypoxic condition. In particular, whereas preincubation in hyp-
oxic conditions had little effect on secretion of VEGF, the effect
of TNFa on secretion of this factor was much more pronounced.
On the contrary, whereas the effect of TNFa on secretion of
IGF1 was undetectable, it was strongly down-regulated in hyp-
oxia. HGF, IL-6, and, to a lesser degree, SDF-1a were all sig-
nificantly down-regulated in response to hypoxia but up-
regulated in TNFa (Fig. 2 B-D). Thus, hypoxia and TNFa
exposure, which can both be present at the site of many injuries,
can separately have dissimilar effects on BMSC secretion, in-
dicating the ability of the cells to adjust the response to the
particular extracellular stimulus.

We next tested the effect of a more complex and specific
cardiac injury environment, mimicking the oxidative stress con-
ditions accompanying myocardial infarction and reperfusion. To
achieve this, we preincubated BMSCs in a medium conditioned
by human induced pluripotent stem cell-derived beating car-
diomyocytes (hiPSC-CMs) stressed by pretreatment with hydrogen
peroxide. As controls, we also preincubated BMSCs in the media
collected from untreated hiPSC-CMs, untreated BMSCs, and
unstimulated human cardiac fibroblasts (FBCMRs). pFLISA
analysis of BMSCs stimulated by the FBCMR-conditioned medium
(Fig. 2E) exhibited a secretion profile similar to that produced by
the control medium collected from untreated BMSCs (Fig. 2B).
However, the secretory signature of BMSCs generated in response
to the medium conditioned by untreated iPSC-CMs changed
drastically, showing no detectable DKK1 levels but significant
multifold increases in HGF, VEGF, IGF1, and SDF-1a secretions
(Fig. 2F). Surprisingly, BMSCs exposed to the medium conditioned
by peroxide-treated iPSC-CMs exhibited a less dramatic change in
the secretory signature, displaying no detectable VEGF, DKKI,
and IL-6, but continuing to have increased levels of HGF and SDF-
la and high levels of IGF1 (Fig. 2G). Overall, these results sug-
gested that the secretion profiles of BMSCs can show strong con-
ditional specificity reflective of the nature of the adjacent tissue and
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Fig. 2.

Secretion of BMSCs is contextual and changes in response to specific environmental signals. (A) Schematic illustration showing the measurement of

cumulative secretome of BMSCs at the detector microspots most proximal to the experimental chamber, containing cells preconditioned by multiple stimuli.
(B-G) Cells exhibit distinct and unique secretory signatures reflected by accumulated concentrations of 6 distinct secreted factors corresponding to distinct
environmental stimuli: normoxia (B), hypoxia (C), TNFa (D), medium conditioned by cardiac fibroblasts (E), medium conditioned by hiPSC-CMs (F), and
medium conditioned by hiPSC-CMs insulted with peroxide to mimic ischemia reperfusion injury (G) (see details in the text). (n > 6 biological replicates; n.s. no
significance; *P < 0.05, **P < 0.01, and ***P < 0.001, Student’s t test; error bars show SEM.)

14378 | www.pnas.org/cgi/doi/10.1073/pnas.1902598116

Kshitiz et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902598116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902598116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902598116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902598116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902598116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1902598116

L T

z

1\

BN AS  DNAS P

the extent of cell stress or damage. Furthermore, they suggested
that BMSC:s are sensitive to the stress levels of cells, such as cardiac
myocytes, and adjust the secreted compounds, perhaps to enable
cell-protective effects, a hypothesis we explored in the next set
of experiments.

BMSC Secretion in Response to Cardiac Injury Is Cytoprotective. We
next attempted to reproduce the cardioprotective effect of the
BMSC conditioned media by using a reconstituted mixture of
recombinant factors, matching the experimentally determined
secretion profiles of BMSCs in response to injured hiPSC-CMs
(Fig. 3 A and B). Strikingly, we indeed found that this mixture
had a potent cytoprotective effect closely matching the effect of

the BMSC-conditioned medium (Fig. 3B). To ascertain whether
the combination of factors constituting the mixture increased
cytoprotection to a degree greater than any individual compo-
nent, we measured the extracellular reduction of WST-8 by mi-
tochondrial NADH, which is a correlate of cell metabolic activity
and the number of viable cells (17). hiPSC-CMs were treated
with hydrogen peroxide after pretreatment with the individual
growth factors constituting the mixture (IGF1, HGF, and SDF-
1a) or the complete mixture, with the cell viability measured for
each pretreatment. Although each component was individually
cytoprotective, the application of the mixture resulted in signif-
icantly higher cellular viability of hiPSC-CMs vs. any of the in-
dividual growth factors (Fig. 3C), suggesting a combinatorial
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Fig. 3. Mixture of recombinant factors mimicking secretory responses of BMSCs is cytoprotective. (A) Flow cytometry dot plots showing Annexin-V and PI
staining of hiPSC-CMs treated with the recombinant mixture or media conditioned by BMSCs pretreated as indicated in Fig. 2 A-F; the recombinant mixture
recapitulates the secretory signature in Fig. 2G. (B) Quantification of data shown in A quantifying cells positive for both Annexin V and PI; dye loading
distributions were normal for live and dead cells for all conditions (n = 4 biological replicates; error bars show SEM). (C) Quantification of hiPSC-CM survival by
extracellular reduction of WST-8 following treatment with 500 uM H,0, in the presence of individual factors constituting the mixture or the complete mixture
(n = 6 biological replicates). (D) Quantification of hiPSC-CM survival by extracellular reduction of WST-8 after treatment with 500 uM H,O, following media
conditioned as shown in A and B and the biochemical mixture of recombinant factors matching those in B (n = 8 biological replicates). (E) Cardiac output
measured by echocardiography in a mouse model of myocardial infarction injected at the time of reperfusion with PBS solution (vehicle), BMSC-conditioned
medium, or the recombinant mixture mimicking BMSC secretion in response to injured hiPSC-CM, along with representative image (/nset). (Error bars show
SD; n.s., no significance; *P < 0.05, **P < 0.01, and ***P < 0.001, Student t test.) (F) Schematic illustration showing that biological context can define the
specific combinations of the factors secreted by stem cells constituting a unique soluble biochemical signature, and this signature is recognized by the target
cells to trigger a desired, e.g., cytoprotective, response.
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inhibition of peroxide-induced apoptosis. We used the same
method to explicitly contrast the cytoprotective effects of the
recombinant factors with that of various media conditioned by
BMSCs, as explored in Fig. 2. In particular, we collected the
medium conditioned by BMSCs, which were themselves pre-
treated with the media conditioned by uninjured or injured
hiPSC-CMs to stimulate cardiac damage specific response. Al-
though both these media displayed cytoprotective effects, the
higher rescue from death was observed for the media obtained
from BMSCs pretreated with injured cardiac cells (Fig. 3D). This
rescue effect was closely matched by the effect of the mixture
(Fig. 3D), indicating that the cytoprotective action of a complex,
injury-specific BMSC secretome was closely approximated by a
much simpler mixture composition.

We then tested the effect of the mixture in a mouse model of
myocardial infarction (detailed in SI Appendix, Methods and
Materials). A total of 100 pL of mixture was injected proximally
to the infarcted zone in 3 different locations after ligating the
anterior coronary artery. Comparisons were made with control
injections (PBS solution) and conditioned medium from BMSCs
by echocardiography 3 wk after infarction. We found that the
mixture injection resulted in a significant increase of cardiac
output (Fig. 3E). These results suggested that the battery of
factors used in our analysis was indeed characteristic of the
cytoprotective effects of the conditioned medium, and that a
synthetic mixture composed of the recombinant factors at levels
estimated from the secretion analysis can reproduce the
cytoprotective effect of BMSCs. Overall, these data indicate that
the secretory signature of BMSCs is contextual to the basal or
injury signals received from the cardiomyocytes, and that BMSCs
can appropriately modulate their secretory response to enable
tissue repair (Fig. 3F).

Dynamic Mixture Matching the Kinetics of BMSC Secretion Can
Further Enhance Cytoprotection. The results described here ear-
lier suggested that even a single time-point measurement of the
secreted factors can help design cytoprotective mixtures rescuing
peroxide-induced cell death. However, in vivo, the secretion of
the factors is likely to be highly dynamic, which might be cap-
tured by the pFLISA analyses of cultured cells. We therefore
explored the importance of the secretion dynamics vs. the ac-
cumulated (or average) values of the abundances of the secreted
factors. In particular, we investigated whether the dynamic de-
livery of the recombinant factors constituting the mixture to the
injured myocytes that would match the measured secretion dy-
namics could further alleviate peroxide-induced stress in hiPSC-
CMs. By using our algorithm, we first estimated the secretion
dynamics of each individual factor present in the secretion
mixture triggered by peroxide-insulted hiPSC-CMs (Fig. 4 A-C).
We then treated the insulted hiPSC-CMs with the medium
containing the dynamically varying recombinant factor inputs,
matching their time-integrated concentration values to the av-
erage values in Fig. 2G. The medium was changed every 1 h to
recapitulate the estimated dosage dynamics (Fig. 4D). We
assayed the intracellular reactive oxygen species (ROS) levels as
a measure of oxidative stress in hiPSC-CMs after the hydrogen
peroxide treatment. We indeed found significantly lower ROS
levels following application of the dynamically delivered syn-
thetic mixture vs. the ROS levels in cells exposed to statically
delivered mixture (Fig. 4F). We next examined the levels of
apoptosis in the peroxide-treated cells by using different read-
outs. First, we found that caspase-3 activity, as measured by
hydrolysis of its peptide substrate DEVD, was also significantly
lower in dynamically varying mixture conditions (Fig. 4F).
However, we did not find any significant difference between
dynamic and static delivery protocols in the assays relying on the
integrity of the plasma membrane as measured by Annexin-V/
propidium iodide (PI) assay, suggesting that the primary effect of
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mixture dynamics was on the control of the caspases and ROS-
dependent processes occurring at times earlier than processes
leading to membrane disintegration (Fig. 4G). Overall, these
results strongly imply that not only the average secretion levels,
but also the dynamics of cellular secretion, could convey critical
cytoprotective signaling information. This result further suggests
that precise and absolute measurements of cellular secretions
and their dynamics in response to physiologically relevant stimuli
can pave the way to cell-free therapy modalities mimicking the
effect of adult stem cells.

Discussion

Paracrine signaling by stromal cells is essential for maintaining
tissue homeostasis and enabling injury repair, as well as in con-
trolling cancer metastasis. Although the composition of para-
crine signals can be measured by the proteomic analysis of the
secretome, it is important to further characterize the secretory
signature of cells by measuring their contextual secretory dynamics
(24). The critical importance of dynamic, context-dependent se-
cretion of a multitude of factors essential for cell function and
intercellular communication necessitates inexpensive, high-
throughput and quantitative assessment of cellular secretome.
Here we describe an analytical platform allowing separation of
the preincubation and detection stages of experimental analysis,
enabling a more precise analysis of secretion dynamics. We
further designed an algorithm permitting extraction of detailed
dynamic secretion information from few spatial-temporal distri-
bution datasets. This analysis can be extended to experiments
with other adherent and nonadherent cells, enabling consider-
able amplification of the current analytic capabilities and
informing much deeper understanding of cellular interactions.
The device could also potentially be combined with state-of-the-
art mass spectrometry techniques to obtain broader peptide
profile of cell secretion for experimental cross-validation or
discovery purposes (32, 50). By using the platform to further
characterize the reported secretory signature of bone marrow-
derived stromal cells (BMSCs), we found that BMSCs can de-
liver cytoprotective mixture to injured cardiac cells in response to
stimulation by the same injured cells, supporting the hypothesis
that the therapeutic effect of BMSCs results from their secretion
profiles elicited by the local conditions in an injured tissue.
Strikingly, we could recapitulate the cytoprotective effect with
dynamically delivered mixture of recombinant proteins, sug-
gesting that detailed and qualitative knowledge provided by the
pFLISA platform can suggest new approaches to tissue-specific
pharmacological interventions. These findings highlight that secre-
tory dynamics, similar to signaling dynamics (23, 24), could them-
selves convey specific information about the state of the cell distinctly
from the information encoded in the strength of the signal.

Detection of spatially graded concentrations of the secreted
factors provided us with the extra information about the secre-
tion dynamics. By using this information in the context of a
limited number of measurements, we found that various secreted
ligands can exhibit complex, mostly pulsatile secretion dynamics,
defined by the environmental inputs. Although it is not unusual
to observe or assume pulsatile secretion profiles for hormones,
such as insulin (33), the analysis presented here suggests that
pulsatile or oscillatory secretion kinetics might extend to many
other ligands, including those whose action is local rather than
systemic. The advantage of having an oscillatory rather than a
persistent stimulation of signaling pathways is currently poorly
understood, but we found that this dynamic profile did indeed
lead to improved antiapoptotic properties of the recombinant
mixture mimicking the cytoprotective effect of BMSCs, sug-
gesting that dynamically variable secretion and thus stimulation
of the neighboring cells can be a key feature of the therapeutic
effects of the mixture components.
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Fig. 4. Matching the kinetics of BMSC secretion enhances cytoprotection of injured cardiomyocytes. Computed kinetics of ligand secretion by BMSCs in
response to preconditioning with the medium from injured hiPSC-CMs for (A) HGF, (B) IGF1, and (C) SDF-1a. (D) Experimental protocol to match the kinetic
dosage of the factors present in the biochemical mixture matched to the average values (dashed lines) used in the static mixture and matched to the
computed dynamics in A-C (solid lines). The concentrations were adjusted every 1 h for 18 h before insulting conditioned hiPSC-CMs with 500 pM peroxide. (E)
DCF-DA intensity in hiPSC-CMs in the presence of 500 uM H,0O, after treatment with the dynamically delivered mixture; untreated cells and cells not con-
ditioned with mixture shown as controls (n = 4 replicates with >1,000 cells). (F) Caspase-3 activation measured in hiPSC-CMs in the indicated conditions after
30 min of treatment with 500 uM H,0,; z-VAD-fmk-treated cells shown as positive control (n = 3 biological replicates). (G) hiPSC-CM cell death evaluated by
Annexin V/Pl-based flow cytometry in the presence of 500 pM H,0, after treatment with dynamically delivered mixture; untreated cells and cells not con-
ditioned with mixture shown as controls (n = 3 replicates with >10,000 cells; dye loading was normal for subcategories of dead or live cells for all conditions;
error bars show SD; n.s. no significance; *P < 0.05, **P < 0.01, and ***P < 0.001, Student t test).
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Although intuitively appealing, the idea that different ambient
conditions can trigger multiple distinct secretory responses, each
uniquely fitting these conditions, has not been extensively tested
or explored. Our results suggest that the context-specific secretion
response is essentially multifactorial. A single secreted component
may not be easily used to discriminate between different stimuli.
Indeed, we found, for example, that the analysis of secretion of all
6 factors examined here was essential to distinguish between the
effects of normoxic conditions vs. a hypoxic environment or of the
presence of a proinflammatory cytokine. These results suggest that
understanding cell-cell interactions mediated by secreted factors
will require a systems-level analysis of the complex secretion sig-
natures not revealed by their simpler components.

Importantly, the context specificity was also observed for the
BMSC secretion signatures triggered by healthy vs. injured
myocardium, indicating that these adult stem cells can recognize
the presence of stress in the adjacent tissue and specifically alter
the composition of the secreted factors. These results further
suggest the existence of specific signaling factors produced by the
insulted cells and signaling mechanisms for detection of these
factors in stem cells. It will be of interest to explore the identity
of these factors in different tissues and types of tissue stresses,
particularly given the ability of BMSCs to exercise therapeutic
effect in diverse damaged tissue environments.

The ability to measure and mimic the dynamic cellular se-
cretion providing powerful cytoprotective effects can help pave
the way for therapies that are cell-free, but are equally powerful.
In the case of cardiac infarction and cardiac ischemia reperfu-
sion, a cell-free therapy consisting only of the recombinant bio-
chemical mixture will not only be more amenable to administration,
but also obviate potential side effects of stem cells, including for-
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mation of tumors, mistargeting or inadequate tissue homing, and
immune rejection (51). Techniques such as pFLISA can allow a
systematic determination of stem cell secretions in response to
physiologically relevant injury signals, facilitating the creation of
cell-free therapy, which would mimic the stem cell secretome in
dosage and possibly also in temporal bioavailability.

Materials and Methods

Briefly, we used protein (antibody) microarray printing on an epoxy-coated
reactive slide and attached the resulting slide to a prefabricated
polydimethylsiloxane (PDMS) microfluidic device aligned in a fashion whereby
the antibody array was completely in the detection chamber at a specified
distance from the experimental chamber. The experimental chamber is
1.5 mm in width, 150 pm in height, and ~12.5 mm long, and could allow
adherence of approximately 2,000 BMSCs in a monolayer. The colonnade of
pillars separating the 2 chambers are 400 pm diagonally, with a gap of
200 pm between them. Cells were introduced into the experimental cham-
ber and allowed to attach and spread before any experimental perturbation
was applied. Thereafter, cells were stimulated (as required) and washed with
PBS solution to remove residual secreted factors, and both chambers were
fluidically connected. The device was immediately sealed off to create a
closed system wherein displacement of molecules is primarily through diffu-
sion. After this experiment was completed, the device was disassembled, and
the slide was processed to detect capture of antigens in the antibody array.
The resultant spatial fluorescent profiles were used as input in the algorithm
to estimate the prior temporal profiles of secretion. Further details of study
materials and methods are provided in the S/ Appendix.
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