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C E L L  B I O L O G Y

Soft extracellular matrix enhances inflammatory 
activation of mesenchymal stromal cells to induce 
monocyte production and trafficking
Sing Wan Wong1, Stephen Lenzini1, Madeline H. Cooper2*, David J. Mooney2†, Jae-Won Shin1†

Mesenchymal stromal cells (MSCs) modulate immune cells to ameliorate multiple inflammatory pathologies. Bio-
physical signals that regulate this process are poorly defined. By engineering hydrogels with tunable biophysical 
parameters relevant to bone marrow where MSCs naturally reside, we show that soft extracellular matrix maximizes 
the ability of MSCs to produce paracrine factors that have been implicated in monocyte production and chemotaxis 
upon inflammatory stimulation by tumor necrosis factor–a (TNFa). Soft matrix increases clustering of TNF receptors, 
thereby enhancing NF-kB activation and downstream gene expression. Actin polymerization and lipid rafts, but 
not myosin-II contractility, regulate mechanosensitive activation of MSCs by TNFa. We functionally demonstrate that 
human MSCs primed with TNFa in soft matrix enhance production of human monocytes in marrow of xenografted 
mice and increase trafficking of monocytes via CCL2. The results suggest the importance of biophysical signaling 
in tuning inflammatory activation of stromal cells to control the innate immune system.

INTRODUCTION
Mesenchymal stromal cells (MSCs) in bone marrow (BM) consist 
of different subpopulations with multiple biological functions, includ-
ing multipotent differentiation (1), maintenance of hematopoietic 
stem cells (HSCs) (2), and immunomodulation (3). The role of MSCs 
in immunomodulation has been shown mostly in the context of 
adoptive transfer where plastic-adherent cells derived from the BM 
are expanded in vitro and administered to treat diverse inflammatory 
pathologies (4). Thus, it remains generally unclear how physiologically 
relevant signals from the extracellular matrix (ECM) in the BM 
microenvironment regulate these immunomodulatory functions of 
MSCs. Since MSCs show preclinical efficacy in some disease models 
without long-term engraftment (5), it has been hypothesized that 
one key mode of action by MSCs is through paracrine secretion 
of soluble factors. MSCs express a range of receptors to recognize 
inflammatory signals, including tumor necrosis factor–a (TNFa), 
interferon-g (IFN-g), and lipopolysaccharide (LPS) (4). Upon in-
flammatory stimulation, MSCs produce chemokines to recruit 
immune cells, followed by factors that polarize or differentiate 
immune cells (6). This mode of action is highlighted in regulation 
of monocytes and their lineages by MSCs (4). For instance, nestin+ 
MSCs in BM secrete CCL2 in response to inflammation in vivo, 
causing monocytes to emigrate into circulation (7). Adoptively 
transferred MSCs secrete a number of factors to polarize macro-
phages such as prostaglandin E2 (PGE2) and TNFa-stimulated gene 6 
(TSG-6), which, in turn, attenuate sepsis (8) and regenerate damaged 
tissues (9), respectively. Therefore, understanding how signals from 
the ECM regulate MSCs to direct monocyte functions will help in-
form both fundamental insights and previously unidentified strategies 
to control inflammation and program tissue regeneration (10).

Genetic labeling and ablation studies show that some MSC sub-
populations are localized like pericytes in the vasculature of the BM 
(11) and contribute to both adipogenic and osteogenic differentiation 
in vivo (1). Other MSC populations are localized more exclusively 
at the rigid endosteal surface and contribute to bone maintenance 
and regeneration (12). However, vascular and endosteal regions often 
overlap, and hence, some MSCs contact both regions simultaneously 
(2). Recent studies show that the BM exhibits a diversity of bio-
physical cues contributed by the ECM. First, the BM shows a range 
of stiffness (Young’s modulus, E) from 2 (“soft”) to 100 (“stiff”) kPa 
(13). In addition, the central regions of the BM may act more like 
viscoelastic solids than the outer regions of the BM due to fluid 
transport and exchange through large central vessels (14). Advances 
in biomaterial design have enabled investigators to independently 
control these biophysical parameters, leading to insights that MSCs 
are highly sensitive to stiffness (15) and stress relaxation (16) of 
matrices, all of which subsequently influence multilineage differ-
entiation. Previous studies show that matrix stiffness regulates 
secretions of proangiogenic factors (17) and factors relevant to 
hematopoietic recovery (18), while substrate dimensionality or 
topography regulates secretions of factors involved in immuno-
modulation (19). MSCs primed on soft substrates increase survival 
after radiation-induced hematopoietic failure in vivo (20), while 
a bone-derived scaffold maintains functionality of hematopoietic 
progenitors when cultured together with MSCs (21). However, it 
remains generally unclear how mechanical cues of the ECM coordinate 
with biochemical cues during inflammation to program MSC secre-
tomes and, subsequently, to achieve specific functional outcomes. 
In addition, the relevance of matrix biophysical properties to 
immunomodulatory functions of MSCs in vivo remains unclear.

By leveraging alginate-based engineered hydrogels, we tested the 
hypothesis that physiologically relevant matrix stiffness affects the 
ability of MSCs to modulate monocyte functions under inflammation 
by paracrine signaling. We show that soft matrix maximizes TNFa- 
mediated induction of both chemokines and cytokines in MSCs in-
volved in recruitment and differentiation of monocytes, respectively. 
Through experiments and modeling, we elaborate that soft matrix 
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primarily increases clustering of TNF receptors (TNFRs) and binding 
of TNFa to the cell surface, thereby enhancing activation of nuclear 
factor kB (NF-kB) to up-regulate downstream genes. Mechanistic 
studies show that actin polymerization and lipid rafts are involved in 
mechanosensitive activation of MSCs with TNFa, but not myosin-II 
contractility. Consistent with these results, we show that human 
MSCs primed with TNFa in soft matrix enhance in vivo production 
of human monocytes in marrow of xenografted mice and traffick-
ing of monocytes via CCL2.

RESULTS
Matrix stiffness regulates TNFa-induced gene expression 
in MSCs
Since BM exhibits diverse mechanical properties (Fig. 1A) (13), we 
used an alginate-based hydrogel system with a conjugated minimal 
integrin adhesion ligand containing Arg-Gly-Asp (RGD) (“alginate- 
RGD”). MSCs were encapsulated in the ionically cross-linked alginate- 
RGD hydrogel so that they could be exposed to a three-dimensional 
(3D) environment with viscoelastic properties (16) typical of marrow 
(“3D gels”) (14). By varying ionic cross-linking density, the initial 
elastic modulus of 3D gels (here, we use the term “matrix stiffness”) 
was tuned as follows: “soft matrix,” E = ~2 kPa, and “stiff matrix,” 
E = ~35 kPa (fig. S1A). We first tested whether matrix stiffness 
regulates constitutive protein secretion by using primary human 

BM MSCs transduced with Gaussia luciferase (~20 kDa). Matrix 
stiffness does not affect diffusion of Gaussia luciferase proteins 
alone (fig. S1B) and does not alter the ability of genetically engineered 
MSCs to constitutively produce Gaussia luciferase over time (fig. S1C). 
We then determined whether matrix stiffness affects expression of 
monocyte regulatory genes in MSCs upon inflammatory stimulation 
in vitro. TNFa was chosen as the stimulatory cytokine because 
myeloid cells are known to produce it shortly after inflammation, 
and it activates MSCs to affect monocyte differentiation and traf-
ficking (22). Recombinant TNFa (~50%) diffuses rapidly (t1/2 = 
~1.2 hours) from the media into 3D gels regardless of their stiffness 
(fig. S1D). MSCs encapsulated in soft matrix show a higher fold 
increase in mRNA expression of monocyte regulatory genes, in-
cluding chemokines [CCL2 and CCL7; monocyte trafficking (7)], 
interleukins [IL6 and IL8; monocyte differentiation (23)], and an 
anti-inflammatory factor [TSG6 (9)] (Fig. 1B), in response to TNFa. 
Genes that are known to regulate myeloid lineage differentiation 
(CSF1, 2) and hematopoiesis (SCF, CXCL12, and IL11) also show a 
similar trend, but with a lower fold increase in gene expression by 
TNFa (fig. S1E). In contrast, genes involved in angiogenesis (VEGF 
and ANGPT1) and macrophage polarization (IL10) are up-regulated 
by TNFa to the same extent regardless of matrix stiffness (fig. S1E). 
Since CCL2 and IL6 show the highest up-regulation by TNFa with 
sensitivity to matrix stiffness, subsequent studies have focused on 
these two genes.
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Fig. 1. 3D matrix stiffness regulates expression of TNFa-inducible genes implicated in monocyte functions. (A) Schematic showing that matrix stiffness in the bone 
marrow (BM) microenvironment can potentially influence MSC activation by TNFa to modulate monocyte functions in marrow. The extracellular matrix (ECM) in the 
central marrow and vascular [endothelial cell (EC)] regions is softer (Young’s modulus E = 0.3 to 2 kPa), while that near the bone surface [osteoblast (OB)] is stiffer (E = 30 
to 100 kPa) (13). Upon inflammation, TNFa could activate MSCs (1) to produce secreted factors (2) that can influence monocyte production (3) and trafficking (4) before 
systemic distribution. (B) Effects of 3D matrix stiffness on TNFa-mediated up-regulation of gene expression in MSCs. MSCs were encapsulated in soft or stiff alginate-RGD 
3D hydrogels, incubated for 1 day, and treated with TNFa (100 ng/ml) for 3 days. Transcript levels of the indicated genes were measured by qPCR and normalized against 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Fold change by TNFa for each group was then calculated from the untreated control (in log scale). (C) Effects of 3D 
matrix stiffness on mRNA expression kinetics in response to TNFa. (i) CCL2: Data from 8 to 72 hours were fitted to standard exponential decay curves. t1/2 and plateau for 
soft: 5.2 hours, 90-fold; stiff: 8.9 hours, 28-fold. (ii) IL6: Data were fitted to standard one-phase association curves. t1/2 and plateau for soft: 36.5 hours, 95-fold; stiff: 
23.2 hours, 33-fold. (D) Effects of 3D matrix stiffness on protein secretion kinetics in response to TNFa. Data were fitted to standard one-phase association curves. (i) CCL2: 
t1/2 = 126 hours for both soft and stiff; plateau for soft = 156-fold and for stiff = 61-fold. (ii) IL-6: t1/2 = 204 hours for both soft and stiff; plateau for soft = 143-fold and for 
stiff = 58-fold. Fold change refers to increase over untreated condition. For (B) to (D), paired t test, *P < 0.05 soft versus stiff at each time point (n = 3 donors). Error bars, ±SEM.
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Consistent with the results from 3D gels, MSCs plated on the 2D 
soft gel show higher up-regulation of CCL2 and IL6 in response to 
TNFa than MSCs on the 2D stiff gel or plastic culture (E ~ GPa) 
(fig. S1F). MSCs in soft matrix show ~150-fold increase in CCL2 
mRNA after 8 hours of TNFa stimulation, followed by stabilization 
at ~90-fold at 24 to 72 hours (Fig. 1C, i). MSCs in soft matrix show 
~3-fold higher CCL2 mRNA than those in stiff matrix between 8 and 
72 hours. Unlike CCL2, TNFa gradually increases IL6 mRNA 
(Fig. 1C, ii). MSCs in soft matrix show ~3-fold increase in the maximal 
level of IL6 mRNA compared with those in stiff matrix. Consistent 
with the mRNA kinetics, CCL2 protein reaches its half-maximal 
value faster than IL-6 protein in response to TNFa (Fig. 1D). For 
both proteins, MSCs in soft matrix show ~2.5-fold higher expres-
sion than those in stiff matrix. We chose to use a single MSC donor 
in the subsequent studies because different MSC donors all exhibited 
higher expression of CCL2 protein upon TNFa stimulation when 
encapsulated in soft rather than stiff matrix (fig. S1G). The percentage 
of viable cells remains >70% in both soft and stiff matrices after cultur-
ing for 3 days (fig. S1H). TNFa does not affect the viability of MSCs 
encapsulated in either soft or stiff matrix (fig. S1H). The effects of 
matrix stiffness appear to be more selective for TNFa signaling since 
it does not alter downstream activation of signal transducers and 
activators of transcription 1 (STAT1) in MSCs by another inflam-
matory cytokine IFN-g (fig. S1I). Therefore, matrix stiffness is a key 
biophysical parameter that regulates TNFa-induced gene expression.

Matrix stiffness regulates TNFa-induced NF-kB activation 
via TNFR clustering
Since soft matrix enhances TNFa-mediated up-regulation of both CCL2 
and IL-6 in a persistent manner (Fig. 1, C and D), we hypothesized 
that soft matrix enhances activation of NF-kB, a well-known tran-
scription factor of the TNFa signaling pathway (24). ML-210B, an 
inhibitor of IkB kinase b (IKKb), suppresses TNFa-induced expres-
sion of CCL2 and IL-6 at median inhibitory concentration (IC50) 
0.5 to 1 mM in both soft and stiff matrices (fig. S2A), confirming that 
NF-kB activation is required for up-regulation of downstream targets 
by TNFa. As expected (24), the experimental data show that NF-kB 
becomes maximally activated as early as 10 min after stimulation 
with TNFa, followed by decrease in 60 min. Consistent with our 
hypothesis, MSCs in soft matrix show ~1.6-fold higher levels of 
activated NF-kB in all of the tested time points at t ≥ 10 min (Fig. 2A 
and fig. S2B).

We developed a parsimonious mathematical model using a minimal 
number of functions and variables to gain further insights into how 
matrix stiffness may regulate NF-kB activation by TNFa. Because 
NF-kB activation occurs in a pulse-like manner (24) (Fig. 2A), we 
devised a set of ordinary differential equations describing an in-
coherent type-1 feed-forward loop (I1-FFL) (25), a simple network 
motif where activation of TNFRs not only drives NF-kB activation 
through the IKK followed by IkB degradation (24) but also recruits 
putative factors that inhibit NF-kB activation (fig. S2C, i). From this 
model, the governing equation describing the NF-kB activation 
kinetics under I1-FFL can be derived analytically (fig. S2C, ii, and 
Supplementary Materials). Fitting the data to the equation (Fig. 2A) 
suggests that matrix stiffness primarily changes the maximal level of 
activated NF-kB but not the other parameters of the I1-FFL model 
(fig. S2D and Supplementary Materials).

Matrix stiffness may affect the maximal level of activated NF-kB 
by tuning either the constitutive activation rate of NF-kB or dose 

response of TNFa binding to its receptors (Supplementary Materials). 
The basal level of activated NF-kB in the absence of TNFa remains 
the same when MSCs are encapsulated in either soft or stiff matrix 
(fig. S2E), suggesting that the constitutive level of activated NF-kB 
is less likely influenced by matrix stiffness. Therefore, we tested 
whether matrix stiffness regulates the TNFa dose response under 
continuous treatment for 3 days. While soft matrix increases the 
maximum response of CCL2 and IL6 mRNA expression, matrix 
stiffness does not affect the dose required for the half-maximum 
response (i.e., TNFa potency) (Fig. 2B). Since matrix stiffness does 
not alter total TNF receptor 1 (TNFR1) expression (fig. S2F), the data 
suggest that matrix stiffness may regulate surface receptor clustering 
or density, but not intrinsic receptor affinity or conformation. To 
further investigate this idea, we performed confocal imaging analysis 
of hydrogel-encapsulated live MSCs that overexpress TNFR1 fused 
with yellow fluorescent protein (YFP). We labeled gel-encapsulated 
live MSCs with a cell-tracking dye to label the cytoplasmic compart-
ment so that TNFR1-YFP in the cell surface and the cytoplasmic 
compartments could be distinguished by image processing (fig. S3A 
and Materials and Methods). As predicted, the cluster size of cell 
surface TNFR1-YFP is generally larger when MSCs are encapsulated 
in soft than stiff matrix and cultured for 1 day even in the absence of 
TNFa (Fig. 2C, i and ii). In response to TNFa, MSCs in soft matrix 
show ~2-fold increase in the cluster size of surface TNFR1-YFP 
(Fig. 2C, ii) and ~2-fold decrease in the number of surface TNFR1- 
YFP clusters per cell (Fig. 2C, iii). Since the level of surface TNFR1- 
YFP relative to that of the total TNFR1-YFP remains unchanged by 
TNFa (Fig. 2C, iv), the results suggest that TNFR1-YFP undergoes 
consolidation by lateral clustering in response to TNFa when MSCs 
are in soft matrix. In contrast, TNFa does not influence TNFR1-YFP 
clustering when MSCs are in stiff matrix (Fig. 2C). The same pheno-
types are also observed with HeLa cells (fig. S3B), which are known 
to express a5b1 integrins (26) and undergo TNFR1 clustering (27), 
suggesting that the effect of matrix stiffness on TNFR1 clustering in 
response to TNFa may be generalizable to other adherent cells. 
Thus, soft matrix is an enabling environment for MSCs to respond 
to TNFa by TNFR clustering, thereby facilitating activation of 
downstream NF-kB and subsequent gene expression.

Matrix stiffness regulates TNFa binding to cell surface via 
actin polymerization and lipid rafts
Since actin polymerization and contractility are important for the 
ability of cells to sense matrix stiffness (15), we tested whether these 
processes are required for mechanosensitive activation of MSCs by 
TNFa. Consistent with increased TNFa-induced TNFR1 clustering 
in soft matrix (Fig. 2C), more TNFa binds to MSCs in soft matrix 
than in stiff matrix (Fig. 3A). While inhibition of actin polymeriza-
tion by latrunculin A suppresses TNFa ligand binding when the 
hydrogel is soft, inhibition of myosin-II contractility by blebbistatin 
does not affect TNFa ligand binding (Fig. 3A). Consistent with these 
results, short-term treatment of latrunculin A is sufficient to disrupt 
up-regulation of CCL2 mRNA by TNFa selectively in the soft 
hydrogel (Fig. 3B). However, blebbistatin does not alter CCL2 
mRNA up-regulation by TNFa (Fig. 3C). Thus, the results suggest 
that actin polymerization, but not myosin-II contractility, mediates 
enhanced responsiveness of MSCs to TNFa in soft matrix.

To understand what other mechanisms may be involved in reg-
ulating mechanosensitive TNFa activation, we explored roles of lipid 
rafts, which are known to facilitate receptor clustering (28) and to 
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recruit TNFR1 for NF-kB activation by TNFa (29). Lipid rafts are 
sensitive to biophysical stimuli as they rapidly disappear when intra-
cellular tension is high (30). Consistent with this notion, MSCs in 
the soft matrix exhibit a higher phospho-Y14 level of caveolin-1 
than the stiff matrix in the absence of TNFa, indicating higher lipid raft 
activation in soft matrix (Fig. 3D). The expression level of caveolin-1 
remains similar after MSCs are cultured in soft and stiff matrices for 
1 day (Fig. 3E). Disrupting lipid rafts with nystatin reduces TNFa 
binding to MSCs in soft, but not stiff, matrix (Fig. 3F). Consistently, 
treating MSCs with nystatin decreases TNFa-mediated expression 
of CCL2 in MSCs encapsulated in the soft matrix (Fig. 3G).

To further understand how actin polymerization and lipid rafts 
mediate TNFR1 clustering as a function of matrix stiffness, MSCs 
overexpressing both TNFR1-YFP and LifeAct–red fluorescent protein 
(RFP) that binds to F-actin (31) were studied. F-actin is greater in 
MSCs in stiff matrix than MSCs in soft matrix (fig. S4A). Most 
TNFR1-YFP cluster on the cell surface at regions of high F-actin 
(fig. S4B). Dual expression of TNFR1-YFP and LifeAct-red reveals 

a similar effect of matrix stiffness on TNFR1-YFP clustering upon 
TNFa stimulation as in Fig. 2C (fig. S4C). Consistent with the 
results in Fig. 3F, nystatin inhibits TNFa-induced clustering of 
TNFR1-YFP on the cell surface in soft matrix (fig. S4C). F-actin 
colocalized with TNFR1-YFP near the cell surface is increased in 
soft matrix, but not stiff matrix, in response to TNFa; this effect 
is abolished by nystatin (fig. S4D). Concomitantly, F-actin is 
decreased near the cell surface in regions where TNFR1-YFP clusters 
are not present, when MSCs in soft matrix are treated with TNFa—
nystatin also reverses this effect (fig. S4E). Thus, soft matrix enables 
lipid rafts to enhance TNFR1 clustering upon TNFa stimulation by 
mediating redistribution of actin polymerization (Fig. 3H).

Matrix stiffness regulates MSC paracrine modulation 
of monocyte production and chemotaxis
Since matrix stiffness mediates TNFa-induced production of cytokines 
implicated in monocyte differentiation and polarization (Fig. 1B), 
we tested whether matrix stiffness influences the ability of MSCs to 

A 

C 

0 101 100
0

50

100

TNF  dose (ng/ml)

F
o
ld
 c
h
an

g
e

*
Soft 

Stiff 

B i) CCL2 

0 1 10 100
0

100

200

TNF  dose (ng/ml)

F
o
ld
 c
h
an

g
e

*
Soft 

Stiff 

ii)  IL6 

Soft Stiff 

Ctrl 

TNF  

Soft Stiff Soft Stiff
0

500

1000

S
u
rf
ac
e 
T
N
F
R
1-
Y
F
P
 

cl
u
st
er
 n
u
m
b
er
 p
er
 c
el
l

Ctrl +TNF

Soft Stiff Soft Stiff
0.0

0.3

0.6

S
u
rf
ac
e 
T
N
F
R
1-
Y
F
P
 

cl
u
st
er
 s
iz
e 
(
m

3 )

Ctrl +TNF

i) 

iv)  ii)  iii)  

Soft Stiff Soft Stiff
0.0

0.4

0.8

C
el
l s
u
rf
ac
e 
p
er
 t
o
ta
l 

T
N
F
R
1-
Y
F
P
 in
te
n
si
ty
 

Ctrl +TNF

n.s.

Model fit 
Experiment 

010 3 0 60 120
0

1

2

3

Time after TNF  (min)

p
-p
65
/to
ta
l 

(f
o
ld
 f
ro
m
 t
 =
 0
)

Soft

Stiff

* *

*
*

Min 

Max 

Fig. 2. Soft matrix increases NF-kB activation by facilitating TNFR1 clustering in response to TNFa. (A) NF-kB activation kinetics of MSCs in soft or stiff 3D gels in 
response to TNFa (100 ng/ml) evaluated by p65 phosphorylation at Ser536 (p-p65). The experimental results from soft and stiff alginate hydrogels are fitted to the I1-FFL–
based model derived analytically (R2 > 0.8; Supplementary Materials). (B) Dose-response curves of TNFa to up-regulate mRNA expression in soft and stiff alginate-RGD 
hydrogels after the 3-day continuous treatment. (i) CCL2: IC50 and maximum fold increase for soft = 17 mM, 88-fold, and for stiff = 20 mM, 35-fold. (ii) IL6: IC50 and maximum 
fold increase for soft = 9 mM, 160-fold, and for stiff = 7 mM, 50-fold. *P < 0.05, paired t test. For (A) and (B), paired t test, *P < 0.05 soft versus stiff at each time point or dose 
(n = 3 experiments). Error bars, ±SEM. (C) Cell surface distribution and clustering of TNFR1-YFP in MSCs encapsulated in soft or stiff 3D gels. (i) Representative confocal 
images for each group showing maximum projection of TNFR1-YFP (left, yellow) and cell surface TNFR1-YFP after filtering (right, scale bar, min: 0, max: 255; fig. S2H). (ii) 
Cluster size of TNFR1-YFP on the cell surface. (iii) Cluster number of TNFR1-YFP per cell. (iv) Cell surface per total TNFR1-YFP intensity. P < 0.05 one-way Brown-Forsythe 
and Welch ANOVA for (ii) and (iii) with Dunnett T3 multiple comparisons test, *P < 0.05 (n ≥ 15 cells from two experiments). Error bars, ±SD. n.s., not significant.
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affect hematopoiesis in vitro by conducting coculture experiments. 
After priming human MSCs in different culture environments with 
or without TNFa, they were retrieved and cocultured with cord 
blood CD34+ hematopoietic and stem progenitor cells (HSPCs) in 
the viscous alginate-RGD fluid without cross-linking, which mimics 
the known viscosity value of blood or marrow (32) (fig. S5A, i). 
Most MSCs remain viable after a 4-day culture in the alginate-RGD 
fluid (fig. S5A, ii). Multicolor flow cytometry was used to quantify 
different hematopoietic subpopulations as described (33, 34). While 
MSCs do not affect early HSPCs, multipotent progenitors, and 
common myeloid progenitors, they generally increase granulocyte/
monocyte progenitors and differentiated CD14+ monocytes—in 
particular, MSCs primed in soft matrix with TNFa shows the highest 
number of differentiated monocytes compared with MSCs primed 

in stiff matrix or on 2D plastic culture (fig. S5B). To confirm these 
results in vivo, we established human hematopoiesis prior to MSC 
delivery by injecting cord blood CD34+ cells in the nonobese diabetic 
(NOD)/severe combined immunodeficient (SCID)/IL-2g−/− (NSG) 
mice. In this model, human myeloid lineage becomes detectable after 
14 days (35). After 10 days of transplanting cord blood CD34+ cells, 
we encapsulated human MSCs in soft or stiff 3D alginate-RGD 
hydrogels, cultured for 1 day, and treated with or without TNFa for 
3 days. Alginate lyase was then used to retrieve MSCs from gels, 
followed by injection of MSCs into the right tibial BM after 14 days 
of cord blood CD34+ transplantation (Fig. 4A). Phosphate-buffered 
saline (PBS) was delivered into the left tibial BM as a control. Four days 
after delivering MSCs, the total percentage of human CD45+ cells 
in marrow is 20 to 30% on average with no significant difference 

B C A 

Ctrl LatA Bleb
0

50

100

150

C
el
l s
u
rf
ac
e 
b
o
u
n
d
 

T
N
F

Soft Stiff

G 

Soft Stiff
0.0

0.4

0.8

p
Y
14
/t
o
ta
l C

av
1 
(a
.u
.) *

F D 

Ctrl Nys
0

50

100

150

C
el
l s
u
rf
ac
e 
b
o
u
n
d
 

T
N
F

Soft
Stiff

n.s.

E 

Soft Stiff

8

4

0C
A
V
1/
G
A
P
D
H
 (

×1
0

n.s.

H TNF  Soft 

Stiff 

TNFR1 

P 

P 

P P 

Matrix 
Cav1 

NF- B mRNA  
(e.g., CCL2) Polymerized actin 

0

10

20

30

C
C
L
2 
fo
ld
 c
h
an

g
e 

b
y 
T
N
F

*

D L D L

Soft Stiff

n.s.

0

20

40

C
C
L
2 
fo
ld
 c
h
an

g
e 

b
y 
T
N
F

*

D N D N

Soft Stiff

n.s.

0

20

40

C
C
L
2 
fo
ld
 c
h
an

g
e 

b
y 
T
N
F

D B D B

Soft Stiff

n.s.

n.s.

–4
)

Fig. 3. Actin polymerization and lipid rafts mediate responsiveness of MSCs to TNFa in soft matrix. (A) TNFa binding to MSCs in soft or stiff 3D gels in the presence 
of DMSO (Ctrl), latrunculin A (LatA, 0.25 mM), or blebbistatin (Bleb, 10 mM) for 3 hours. P < 0.05 two-way ANOVA with Sidak’s multiple comparison test, *P < 0.05 (n = 3 
experiments). (B) Effects of inhibiting actin polymerization on TNFa-induced CCL2 mRNA expression. MSCs in soft or stiff 3D gels were preincubated with DMSO (“D”) or 
latrunculin A (“L”) for 1 hour, treated with or without TNFa in the presence of the drugs for 2 hours, followed by washout and incubating in media for 1 day prior to qPCR. 
(C) Effects of inhibiting myosin-II contractility on TNFa-induced CCL2 protein expression. Gel-encapsulated MSCs were treated with TNFa in the presence of DMSO (“D”) 
or blebbistatin (“B”) in the same manner as (B). (D) Phosphorylation level of caveolin-1 (Cav1) at Tyr14 in MSCs after 1 day of encapsulation in soft or stiff 3D gels. (E) Gene 
expression of CAV1 relative to GAPDH measured by qPCR after culturing MSCs in soft or stiff 3D gels for 1 day. (F) TNFa binding to MSCs in soft or stiff 3D gels in the pres-
ence of DMSO (Ctrl) or nystatin (Nys, 50 mM) for 2 hours, followed by washout and incubating in media for 1 day prior to qPCR. (G) Effects of inhibiting lipid rafts on 
TNFa-induced CCL2 mRNA expression in the presence of DMSO (“D”) or nystatin (“N”) in the same manner as (B). For (B) to (G), *P < 0.05, paired t test; n = 3 experiments; 
and error bars, ±SEM. (H) Model of actin polymerization and lipid rafts in mediating matrix stiffness–dependent binding of TNFa to the cell surface. In soft matrix, lipid 
rafts mediate redistribution of actin polymerization to facilitate clustering of TNFR1 in response to TNFa. In contrast, stiff matrix impedes this process, thereby impairing 
TNFR1 clustering and TNFa binding. a.u., arbitrary unit.
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between the tibias or across the experimental groups (fig. S6A). Previous 
studies show that three monocyte subsets exist in humans based on 
expression of CD14 and CD16 during differentiation (36). Consistent 
with these studies, we show that the majority of the monocytes in 
marrow across the tested groups are classical (CD14+CD16−), while ≤5% 
of CD14+ cells (or ≤1% of total human CD45+ cells) are intermediate 
(CD14+CD16+). Nonclassical (CD14−CD16+) monocytes are not 
detectable in the NSG mice, as shown previously (37). Delivery of 
TNFa-primed MSCs from either soft or stiff matrix leads to ~3-fold 
higher percentage of classical monocytes in the cell-injected tibia 
compared with that of unprimed MSCs or PBS control (Fig. 4B, i). 
The PBS-injected tibia also shows increased classical monocytes 
upon delivery of TNFa-primed MSCs from soft, but not stiff, matrix 
to the other tibia (Fig. 4B, i). In addition, TNFa-primed MSCs from 
the soft matrix increase percentage of intermediate monocytes in 
the cell-injected tibia to the known physiological level (38) (1 to 2% 
of CD14+ cells, or 0.2 to 0.4% of total human CD45+ cells) (Fig. 4B, 
ii). Intermediate monocyte levels are also increased in the PBS- 
injected left tibia when TNFa-primed MSCs from the soft matrix are 
delivered to the right tibia (Fig. 4B, ii). Live imaging via IVIS shows 
that MSCs remain localized within the cell-injected tibia after delivery 
for at least 4 days (Fig. 4C). Since the effect of MSCs on monocyte 
production in a distal BM compartment is not seen when they are 

stimulated with TNFa in 3D stiff matrix, it is less likely that the effect 
will be seen with MSCs primed on 2D matrices or plastic culture 
(fig. S1F) due to an order of magnitude lower level of up-regulation 
in monocyte regulatory factors as compared with MSCs in 3D gels. 
Together, the results show that ex vivo priming of MSCs with TNFa 
in soft matrix, but not stiff matrix, enhances monocyte production 
in both local and distal BM compartments in vivo.

Once monocytes are generated, they need to be recruited to blood 
vessels so that they can enter circulation. Since CCL2 secreted from 
MSCs plays a critical role in this process (7), we tested whether matrix 
stiffness regulates the ability of MSCs to recruit monocytes and other 
blood lineages. CD14+ monocytes (~2.5%) from human peripheral 
blood mononuclear cells migrate through 3-mm pores when the 
conditioned media from human MSCs are applied—priming human 
MSCs in the soft matrix with TNFa prior to collecting the media 
enhances CD14+ cell migration to ~10%, while doing so in the stiff 
matrix or on 2D plastic culture shows no effect (Fig. 4D,  i, and 
fig. S6B). The neutralizing antibody against CCL2 is sufficient to 
eliminate the phenotype (Fig. 4D, ii). Migration of lymphocyte 
lineages is generally low (<2.5%) toward the conditioned media 
from MSCs on 2D plastic culture, but priming with TNFa increases 
migration of CD4+ and CD8+ T cells and CD56+ natural killer cells 
to ~15%, while that of CD19+ B cells remains ~2.5% (fig. S6B). 
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Fig. 4. Soft matrix promotes the ability of MSCs to produce and recruit monocytes upon TNFa stimulation. (A) Experimental scheme. Sublethally irradiated (250 cGy) 
NSG mice were injected intravenously (i.v.) with 20,000 human cord blood HSPCs per 20 g of mouse. After 2 weeks, MSCs that were cultured in soft or stiff gels for 1 day 
followed by ±TNFa treatment (100 ng/ml) for three additional days were retrieved and delivered to the right (R) tibia by an intrabone (i.b.) route, while the left (L) tibia 
was delivered with PBS. After 4 days, both tibias were analyzed for human monocyte subsets. (B) Percentage of (i) classical (CD14+CD16−) and (ii) intermediate 
(CD14+CD16+) human monocytes in tibias. P < 0.05, two-way ANOVA with Sidak’s multiple comparison test, *P < 0.05. n = 5 recipients from two independent experiments. 
(C) MSCs remain localized in one tibia after intrabone delivery to NSG mice. Firefly luciferase–transduced MSCs were delivered in the right tibia, while PBS was injected in 
the left tibia, followed by IVIS imaging over 4 days. Left: Representative images at days 0 and 4 after MSC delivery. Scale bar, radiance (p/sec/cm2/sr, min: 1 M, max: 15 M). 
Right: Quantification of radiance signals over 4 days. The signal from the left tibia remains at the background level (~90,000, dotted line), while that from the right tibia 
remains ~10-fold higher over the 4 days. (D) TNFa-treated MSCs in soft matrix increase migration of human peripheral blood CD14+ monocytes via secretion of CCL2. 
MSCs in soft or stiff alginate hydrogel were treated with TNFa (100 ng/ml) for 1 day prior to washout and collection of the media for 1 day for the Transwell migration 
assay. (i) The extent of CD14+ migration under chemotactic gradient through 3-mm pores for 3 hours. P < 0.05 from one-way ANOVA with Tukey’s post hoc test, *P < 0.05 
(n = 3 experiments). (ii) CCL2 is required for increased chemotaxis of CD14+ cells by the media from TNFa-treated MSCs in soft matrix. The media were treated with a 
neutralizing antibody against CCL2 (anti-CCL2) or isotype control (ctrl) for 3 hours prior to the Transwell assay. *P < 0.05, paired t test (n = 3 experiments). All error bars for 
both (i) and (ii), ±SEM.
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In contrast, 5 to 25% of lymphocytes are migrated toward the 
conditioned media from MSCs cultured in soft or stiff matrix even 
in the absence of TNFa, while TNFa does not further enhance 
migration (fig. S6C). These results suggest that, in addition to 
enhancing production of monocytes, soft matrix increases the ability 
of MSCs to selectively recruit them upon TNFa activation.

DISCUSSION
Stromal cells play important roles in regulating immune cells across 
different tissues. Previous studies have mostly focused on how a 
variety of biochemical cues enable stromal cells to modulate immune 
cells (4, 6). Here, we show that physiological relevant mechanical cues 
regulate the sensitivity of BM MSCs to an inflammatory cytokine 
TNFa and their subsequent ability to modulate monocytes. Presence 
of TNFa has been closely linked to controlling monocyte turnover 
and functions. Myeloid rather than lymphoid cells were shown 
to be mainly responsible for in vivo production of TNFa during 
inflammation (39), which in turn regulates in vivo survival and 
functions of monocytes (40). CCL2-producing stromal cells in vivo 
are strategically localized near the vasculature in the BM to recruit 
and egress monocytes during inflammation (7). Consistent with 
this notion, our results show that matrices mimicking stiffness of 
the soft vascular niche lead to higher production of monocyte 
regulatory factors in MSCs upon TNFa stimulation than those 
mimicking the more rigid endosteal niche (Fig. 1). Thus, the results 
suggest the important role of biophysical cues in the BM in modulating 
TNFa-mediated production of monocyte regulatory factors in MSCs.

The activation kinetics of NF-kB in response to TNFa has been 
extensively studied with quantitative modeling (24). An incoherent 
feed-forward loop from competitive binding between NF-kB and 
an inhibitory transcription factor to promoter regions allows cells 
to tune TNFa-induced transcription in response to fold change rather 
than absolute abundance of activated NF-kB (41). However, our 
analysis suggests a possibility that an incoherent feed-forward loop 
may also play an upstream role in the NF-kB pathway when TNFa 
activates and clusters TNFRs (fig. S2C). The exact identity of the 
putative inhibitory components in the loop remains to be elucidated, 
but previous studies suggest potential candidates, including wild-type 
p53-induced phosphatase 1 (WIP1) (42) and protein phosphatase 4 
regulatory subunit 1 (PP4R1) (43). While soft matrix persistently 
increases NF-kB activation by ~1.6-fold compared with stiff matrix 
after 10 min of TNFa stimulation (fig. S2B), this effect appears to 
be amplified downstream as shown by more than twofold higher 
up-regulation in target genes (Fig. 1) and paracrine monocyte 
production and migration (Fig. 4). Future studies will help elucidate 
how the effect of matrix stiffness on TNFa activation can result in 
amplified downstream effects.

Our studies point to potential mechanisms by which matrix 
stiffness regulates TNFa ligand binding to the cell surface. A previous 
study shows that EDTA decreases binding of biotinylated LPS to 
monocytes after 60 min of incubation (44). Here, EDTA was used 
to rapidly digest alginate gels so that encapsulated MSCs can be 
retrieved in ~5 min prior to analyzing TNFa ligand binding on the 
cell surface (Materials and Methods). While this short time frame of 
EDTA treatment may less likely affect TNFa binding to TNFR, 
fluorescently tagged TNFa may be used in future studies to directly 
visualize TNFa binding to MSCs in gels. Consistent with this idea, 
confocal imaging of live MSCs in intact gels shows that soft matrix 

increases surface TNFR1 clustering (Fig. 2C). Previous studies show 
that cells cultured on soft matrices internalize integrin b1 receptors 
through lipid rafts (45) and integrin b3 receptors through clathrin 
(46), both in a myosin-II–dependent manner. Cells on less contractile 
2D geometry were recently shown to increase TNFa-induced activation 
of NF-kB by decreasing myosin-II–mediated contractility (47). 
However, our results suggest a distinct regulatory mode, where 
matrix stiffness modulates cell sensitivity to an inflammatory signal 
in a myosin-II independent but actin polymerization– and caveolae– 
dependent manner (Fig. 3). Actin polymerization and caveolae may 
synergize with each other to facilitate TNFR clustering and TNFa 
binding in soft matrix, since polymerized actin is known to stabilize 
the neck part of caveolae to concentrate surface receptors (28). As 
the ECM becomes stiffer, actin polymerization may instead be used 
to increase cortical tension (15, 48), which is shown to decrease 
caveolae formation (30). Elucidating mechanisms behind how actin 
polymers and lipid rafts interact as a function of matrix stiffness will 
be important to further understand roles of matrix stiffness in 
regulating surface receptor dynamics and its implications in MSC 
functions.

In addition to the NF-kB pathway, matrix stiffness can potentially 
influence other TNFa-activated downstream signaling pathways, 
including mitogen-activated protein kinases (e.g., p38 and JNK) and 
caspases (49). In particular, JNK and caspases-8 are required to 
induce apoptosis in response to TNFa in immune cells, while 
NF-kB activation is known to inhibit cell death (50). However, our 
results show that TNFa does not affect the viability of MSCs 
(fig. S1H). TNFR1 can activate both survival and apoptotic pathways 
depending on interactions with distinct adaptor proteins, such as 
TNFR-associated death domain protein (TRADD) and Fas-associated 
death domain (FADD) (49). Thus, future studies may help identify 
adaptor proteins that bind to TNFR1 as a function of matrix stiffness 
and how this process can selectively affect downstream signaling.

While TNFa directly acts on HSCs to regulate hematopoiesis 
under both baseline and inflammatory conditions (51), our results 
suggest that stromal cells together with matrix stiffness may also 
contribute to monocyte generation from hematopoietic progenitors 
in response to TNFa. The NSG model used in this study shows a 
transient increase in monocyte subpopulations between 2 and 3 weeks 
after transplantation of human hematopoietic progenitors (37). Since 
injection of human TNFa-primed MSCs from soft matrix leads to 
the physiological level of human intermediate monocytes (Fig. 4B, ii), 
this model can potentially be used to study clinical relevance of this 
population, which was previously implicated in liver regeneration 
(38). While the NSG model is appropriate to study the short-term 
effect of MSCs on human monocyte production, other emerging 
models, such as mice engineered to express human cytokines (37), 
can be used in future studies to study more long-term effects. In 
addition, genetic knockout strategies to delete TNFRs specifically 
in MSCs in situ could help validate their contribution to controlling 
monocyte turnover.

The approach presented here can broadly serve as a platform to 
prime MSCs with a combination of biophysical and biochemical 
cues and deliver them orthotopically to the BM to control immune 
cell turnover in vivo. Different routes of administration have been 
explored to test therapeutic efficacy of MSCs, including intravascular 
routes, which have been pursued by ~40% of the clinical trials (52). 
The intravascular routes are commonly used to deliver mononuclear 
blood cells as in hematopoietic transplantation, since they can readily 

 on April 8, 2020
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

http://advances.sciencemag.org/


Wong et al., Sci. Adv. 2020; 6 : eaaw0158     8 April 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 12

deform and squeeze through confined spaces, including capillaries 
(53). In contrast, MSCs are larger and more rigid than blood cells, 
hindering their trafficking through small pores (54). Consistent with 
these observations, MSCs delivered intravascularly are known to be 
localized primarily to the lungs due to microembolism and to be 
cleared within 24 hours (5) without successful engraftment in marrow 
(55). Since monocyte lineages play a role in clearance, it is possible 
that phagocytosis of MSCs that fail to engraft after intravascular 
injection can potentially affect the phenotype of monocytes or 
macrophages as suggested (56). In contrast, our results inform a 
fundamentally distinct strategy where delivering MSCs via the 
intrabone route not only maintains their in vivo residence in local 
marrow but also encourages production of monocytes from human 
hematopoietic progenitors in vivo. Generalizability of this strategy 
will depend on in vivo demonstration with multiple MSC donors in 
the future. In addition, it will be important to successfully retrieve 
cells from gels while maintaining viability and functionality after 
retrieval. While alginate lyase used in this study is known to be 
orthogonal to mammalian cells because they do not express alginate 
(57), introducing more natural mechanisms in hydrogel design such 
as protease degradable sequences (58) can be useful to retrieve cells 
without a need to use an external degradation mechanism. MSCs in 
soft hydrogel maintain higher CCL2 expression for 1 day even after 
transiently stimulated with TNFa for 2 hours (Fig. 3), suggesting 
a possibility that MSCs can potentially maintain their secretomes 
even after ex vivo priming is complete. However, strategies to locally 
specify insoluble biophysical cues around cells in vivo, such as 
microfluidic thin gel coating (59), can help present MSCs with 
predefined biochemical and matrix biophysical cues in a continuous 
manner in vivo. Since monocytes generated from the BM contribute 
to the pool of tissue macrophages in various disease conditions 
including tissue damage and fibrosis (10), the ability to systematically 
control monocyte turnover, as exemplified by our approach, may 
help inform therapeutic strategies for these diseases.

MATERIALS AND METHODS
MSC isolation and expansion
MSCs were derived by plastic adherence (“passage 0”) of mononucleated 
cells from human BM aspirate donors (Lonza). After plastic adherence 
for 3 days, nonadherent cells were washed out, and adherent cells 
were cultured at 37°C in 5% CO2 in the MSC medium: a-minimal 
essential medium (aMEM) supplemented with 20% fetal bovine serum 
(Atlanta Biologicals), 1% penicillin/streptomycin (P/S; Thermo Fisher 
Scientific), and 1% GlutaMAX (Thermo Fisher Scientific). After 
reaching 70 to 80% confluence at around 10 to 14 days, cells were 
split and expanded in the MSC medium. MSCs became >80% 
confluent within a week after ~500,000 cells were plated on a 
175-cm2 flask. No difference was observed among tested donors in 
terms of the rate of proliferation. Passage numbers up to “4” or total 
culture day from initial plastic adherence up to 43 were used for 
experiments. After this passage number, MSCs undergo slower cell 
proliferation and were not used for experiments.

Alginate-based hydrogels for cell culture
Alginate from brown algae was purchased from a commercial vendor 
(FMC BioPolymer). Sodium alginate with a high molecular weight 
(LF200) and a low molecular weight (LF10/60) was dialyzed against 
deionized water for 3 days (molecular weight cutoff of 3500 Da), 

treated with activated charcoal, sterile filtered, and lyophilized. 
Before encapsulation, lyophilized alginate was reconstituted in 
FluoroBrite Dulbecco’s modified Eagle’s medium (DMEM) at 3 to 
4% (w/v) as a stock solution. For LF200 alginate, an RGD peptide 
(GGGGRGDSP, Peptides International) was conjugated using 
carbodiimide chemistry at 20 RGD peptides per alginate chain 
[or ~750 mM RGD in 1% (w/v) alginate]. The coupling efficiency 
was previously characterized (48). For gelation, 1% (w/v) LF10/60 
alginate was combined with 1% (w/v) LF200-RGD alginate [total 
2% (w/v)], so that all hydrogels contain the same amount of RGD 
ligand, and rapidly mixed with DMEM containing the appropriate 
concentration of calcium sulfate. The mixed solution was deposited 
between two glass plates with 1-mm thickness. After 1.5 hours, 
hydrogels were punched into discs. For 2D hydrogels, discs were 
placed in ultralow attachment plates (Corning), so that cells could 
be seeded selectively on gels but not on plastic surface. For 3D 
hydrogels, cells were mixed with alginate prior to gelation. Cells on 
or in gels were incubated in FluoroBrite DMEM (Thermo Fisher 
Scientific) supplemented with 1% P/S and 1% GlutaMAX.

Mechanical characterization
To determine Young’s modulus (E) of hydrogels, a gel disc of 5 mm 
by 1 mm was first placed onto a polydimethylsiloxane mold on a 
glass slide and immersed in a drop of DMEM. The slide was then 
placed in an MFP-3D system (Asylum Research) to perform atomic 
force microscopy analysis with silicon nitride cantilevers (Bruker 
Model MLCT). A spring constant of the cantilever was determined 
from thermal fluctuations at room temperature (RT) (20 to 40 mN/m). 
The cantilever was brought toward the hydrogel surface at 1 mm/s 
and indented on the surface until it reached the trigger voltage (0.5 V), 
followed by retraction. Force-indentation curves were fitted using 
the Hertzian model with a pyramid indenter.

Establishing MSCs that express exogenous genes
To introduce firefly or Gaussia luciferase in MSCs, premade lentiviral 
particles containing mCherry–internal ribosomal entry site (IRES)–
Firefly luciferase or cyan fluorescent protein–IRES-Gaussia luciferase 
were purchased from the Mass General Hospital Vector Core. 
MSCs were incubated with viral particles for 2 days. Fluorescent 
MSCs were then isolated by fluorescence-activated cell sorting and 
expanded for further analysis.

Quantification of viable and dead cells
Hydrogels with encapsulated cells were digested with alginate lyase 
(3.4 mg/ml; Sigma-Aldrich) in Hanks’ balanced salt solution (HBSS) 
for 30 min at 37°C. The digested solutions were directly added to 
HBSS that contains calcein AM (1:2000; Biotium), ethidium bromide 
(1:2000; Thermo Fisher Scientific), and a predefined number of 
allophycocyanin (APC) beads (BD). After incubation at RT for 
10 min, the samples were analyzed by flow cytometry.

Gene expression analysis
At a desired time point, culture media were removed, and gel discs 
containing 3D encapsulated cells were washed with HBSS twice. Gel 
digestion and cell lysis were done simultaneously using 50 mM 
EDTA in ribonuclease (RNase)–free water for less than 1 min. The 
samples were then directly added to TRIzol (Thermo Fisher Scientific). 
Chloroform (200 ml) was added per 1 ml of TRIzol to perform phase 
separation, followed by centrifugation for 15 min at 12,500 rpm, 
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4°C. The top layer was collected to a new tube, and RNA was 
precipitated with 250 ml of isopropanol and 250 ml of solution of 0.8 M 
sodium citrate and 1.2 M sodium chloride for at least 15 min at 
4°C. Samples were then centrifuged at 12,500 rpm for 15 min at 
4°C. The supernatant was removed, and the precipitated RNA was 
washed with 75% EtOH, followed by centrifugation for 5 min at 
7500 rpm, 4°C. EtOH was then removed, and the purified RNA was 
resuspended in 15 ml of RNase-free water. RNA concentration was 
quantified by the NanoDrop spectrophotometer. Complementary 
DNA (cDNA) was reverse transcribed by SuperScript-III reverse 
transcriptase (Thermo Fisher Scientific). Quantitative polymerase 
chain reaction (qPCR) was performed in the ViiA7 qPCR system 
with Power SYBR Green master mix (Applied Biosystems). For 
each qPCR experiment, samples were analyzed in triplicates with 
50 ng of cDNA per well. Relative gene expression was computed by 
the delta-delta Ct method by comparing Ct values to reference gene 
(GAPDH). See table S1 for the list of primers for qPCR.

Measuring levels of secreted proteins
To determine constitutive secretion of Gaussia luciferase from 
engineered MSCs, collected media were diluted ~100-fold and added 
to a white, opaque 96-well plate. The sample (10 ml) was mixed with 
100 ml of coelenterazine h substrate (10 mg/ml; Biotium) in PBS 
immediately prior to measurement by using a luminometer that 
can programmatically inject the substrate (BioTek). Photon counts 
were acquired for 10 s. To determine levels of secreted human CCL2 
and IL-6 in culture media, a sandwich enzyme-linked immunosorbent 
assay was used as described by the manufacturer’s (Peprotech) 
protocol. Briefly, samples were diluted ~10-fold and incubated 
overnight in a 96-well plate (Nunc MaxiSorp, Thermo Fisher Scientific) 
coated with primary capture antibody. Samples were then incubated 
with primary detection antibody for 2 hours, followed by secondary 
antibody conjugated to horseradish peroxidase (HRP) for 30 min. Samples 
were washed out between each step with PBS with 0.05% Tween 20. 
At the final step, the HRP substrate, 3,3′,5,5′-tetramethylbenzidine 
(TMB), was added to detect HRP activity. After developing for 10 to 
15 min, the equal volume of 1 M HCl was added to neutralize the 
reaction. A plate reader (PHERAstar) was used to read absorbance 
at 450 nm. The media incubated without cells were used to determine 
background signals. The total protein amount of each sample was 
normalized to total viable cell number.

Characterization of NF-kB activation kinetics
After culturing cells in gels for 1 day, recombinant TNFa (100 ng/ml; 
Peprotech) was added. At indicated time points, cells were rapidly 
retrieved from alginate hydrogels by adding 30 mM EDTA in DMEM 
with 1% bovine serum albumin (BSA) for 5 min on ice. During 
this process, dead cells were labeled with the LIVE/DEAD fixable 
violet dead cell stain (1:1000; Thermo Fisher Scientific). Cells 
were then washed out with DMEM with 1% BSA and fixed with 
4% paraformaldehyde in HBSS at RT for 10 min. After washing two 
times with PBS/0.1% BSA, cells were stained with either phospho–
NF-kB p65 (Ser536) (93H1) or total NF-kB p65 (D14E12) antibody 
(both from Cell Signaling Technology) at 1:100 dilution in the staining 
buffer (HBSS/0.1% saponin/0.1% BSA) at RT for 2 hours. They were 
then washed out once with the staining buffer and incubated with a 
secondary antibody (donkey Alexa 647 anti-rabbit, Thermo Fisher 
Scientific) for 30 min at RT, followed by washing out and resuspension 
in HBSS. Flow cytometry analysis was done using LSRFortessa 

(BD). The sample incubated with the isotype control [rabbit immuno-
globulin G (IgG), DA1E, Cell Signaling Technology] was used as 
a negative control. Signals from live cell fractions were used for 
analysis.

Quantification of protein localization in gel-encapsulated 
live cells
To visualize TNFR1 or F-actin, cells were first transfected with 
TNFR1-YFP or mTagRFP-T-LifeAct-7 (“LifeAct-RFP”). A plasmid 
that contains TNFR1-YFP was a gift from J. A. Schmid (Addgene 
plasmid #111209). mTagRFP-T-Lifeact-7 was a gift from M. Davidson 
(Addgene plasmid # 54586). Each plasmid (2 mg) and 500,000 cells 
were mixed in 100 ml of nucleofection buffer from the human MSC 
nucleofector kit (VPE-1001, Lonza) and electroporated using a 
high-viability program in Amaxa (Lonza). Transfected cells were 
then cultured overnight. After encapsulating cells in soft or stiff 
alginate-RGD gels, they were cultured for an additional day. Cells in 
3D gels were then stained with 1 mM CellTrace Far Red (C34572, 
Thermo Fisher Scientific) for 1 hour in 37°C to label the cytoplasm. 
Prior to imaging, 1 mM ethidium bromide was added to exclude 
dead cells. 3D scanning of encapsulated cells expressing TNFR1-YFP 
and/or LifeAct-RFP was done on a Zeiss laser scanning microscope 
(LSM 710) with 40× objective. To quantify clustering of TNFR1 in 
response to TNFa, TNFa (100 ng/ml) was added to cells in 3D gels, 
and imaging was done after 20 min. BioImageXD, an open-source 
software, was used as described (60) to determine the outer boundary 
of the CellTrace Far Red signals by thresholding and Gaussian 
filtering so that TNFR1-YFP molecules localized on the boundary 
(“cell surface”) versus those inside the cytoplasm could be distinguished. 
The built-in algorithms were then used after automatic thresholding 
(level 0.5) to quantify signal intensity, cluster size, and cluster number 
of TNFR1-YFP. To quantify both F-actin and TNFR1 near the cell 
surface, gel-encapsulated cells were preincubated with either dimethyl 
sulfoxide (DMSO) or nystatin (50 mM) for 2 hours, followed by TNFa 
stimulation for 20 min. Cells that express both TNFR1-YFP and 
LifeAct-RFP were then imaged, followed by analysis using Imaris 7.7 
(Bitplane). Thresholding values were kept constant across all samples. 
Gaussian filtering was used to smooth the CellTrace signal, and the 
outer boundary of the reconstructed voxel was defined as the cell 
surface. A TNFR1 cluster was defined as any distinct TNFR1-YFP 
signal on the cell surface with voxel volume >0.1 mm3. Analysis 
was done on every single TNFR1-YFP cluster for each cell. For each 
TNFR1-YFP cluster on the cell surface, a region of interest (2 mm by 
1 mm by 1 mm) was drawn, and the corresponding LifeAct-RFP 
volume within the region was analyzed. As a control, LifeAct-RFP 
signals were also quantified near the cell surface regions where 
TNFR1-YFP clusters were not present.

Evaluation of TNFa binding to cells
After culturing gel-encapsulated cells for 1 day, DMSO or chemical 
inhibitors (latrunculin A, blebbistatin, or nystatin, purchased 
from Cayman Chemical) were added and incubated for 2 hours 
at 37°C. Cells were then rapidly retrieved on ice as described in 
characterization of NF-kB activation kinetics, but they were not 
fixed. Retrieved cells were incubated with biotinylated TNFa (R&D 
Systems) at saturating concentration (1 mg/ml) for 1 hour, followed 
by avidin–fluorescein isothiocyanate (FITC) for 30 min on ice. Flow 
cytometry analysis was then performed. The sample incubated with 
avidin-FITC alone was used as a negative control.
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Coculture studies to evaluate effects of MSCs 
on hematopoiesis in vitro
Human cord blood CD34+ cells from mixed donors were purchased 
from ZenBio (SER-CD34-F). Cord blood cells were first precultured 
in the StemSpan-II medium (#09605, STEMCELL Technology) 
supplemented with stem cell factor (SCF; 50 ng/ml), thrombopoietin 
(Tpo; 50 ng/ml), and 1% P/S for 8 days. In parallel, human MSCs 
were either plated on 2D plastic culture or encapsulated in 3D soft 
or stiff alginate-RGD gel for 1 day, followed by stimulation with or 
without TNFa (100 ng/ml) for 3 days. Precultured cord blood cells 
(5000) and 1677 primed MSCs (3:1 ratio) were then retrieved and 
cocultured in the 0.5% LF200 alginate-RGD fluid dissolved in the 
StemSpan-II medium supplemented with SCF (20 ng/ml), Tpo 
(20 ng/ml), and 1% P/S on the ultralow-binding 96-well plate (Sigma- 
Aldrich) for 4 days. Cells were then analyzed for human hematopoietic 
stem and progenitor cell subpopulations and monocyte lineages by 
flow cytometry after staining with the following antibodies based 
on previous studies (33, 34): APC/Cy7 anti-human CD34 (581), 
phycoerythrin (PE)/Cy7 anti-human CD38 (HIT8a), APC anti- 
human CD90 (5E10), PE CD45RA (HI100), PE/Dazzle CD135 
(BV10A4H2), FITC anti-human CD14 (HCD14), and Pacific Blue 
anti-human CD16 (3G8), all purchased from BioLegend.

Xenograft studies to evaluate effects of human MSCs 
on human monocyte production in vivo
All animal work was performed in compliance with the National 
Institutes of Health and institutional guidelines approved by the 
ethical committee from the University of Illinois at Chicago. Human 
cord blood CD34+ cells (20,000) were injected retroorbitally into 
sublethally irradiated 8- to 12-week-old NOD/SCID/IL-2g−/− (NSG) 
mice. After 2 weeks, all of the hair surrounding the knee joint was 
removed. MSCs from gels were retrieved by digesting them with 
alginate lyase in DMEM for 20 min at 37°C. Ex vivo conditioned 
human MSCs (10,000) were resuspended in 10 ml of PBS and delivered 
into the marrow cavity of the right tibia through the patellar tendon 
using an insulin syringe (28-gauge needle). PBS with no cell was 
delivered to the left tibia. After 4 days, mice were euthanized, the 
marrow from each tibia was flushed out, and cells were analyzed 
for human monocyte lineages by flow cytometry after staining 
with 7-AAD for cell viability and the following antibodies: APC 
anti-mouse CD45 (30-F11), PE-Cy7 anti-human CD45 (HI30), 
FITC anti-human CD14 (HCD14), and Pacific Blue anti-human 
CD16 (3G8), all purchased from BioLegend.

Tracking biodistribution of transplanted cells in vivo
After delivering firefly-expressing MSCs to NSG mice, their in vivo 
residence kinetics was evaluated. At different time points, 1.5 mg of 
D-luciferin in 200 ml of PBS was injected retroorbitally per 20 g of 
mouse followed by luminescence imaging with the IVIS Spectrum 
(PerkinElmer) within 10 min of injection. Average radiance (photons/ 
s/cm2/sr) from each time point was measured from each tibia.

Transwell migration assay
Transwell inserts with polycarbonate membrane with 3-mm pore 
size (Corning) were coated with fibronectin (10 mg/ml) in HBSS 
overnight at 4°C, followed by blocking with 1% BSA in HBSS 
for 1 hour at RT. The conditioned media were collected from 
gel-encapsulated human MSCs that are cultured in the presence or 
absence of TNFa (100 ng/ml) for 1 day, followed by washout and 

cultured in the absence of TNFa for another day. The same cell 
number per gel (~50,000 per 8-mm disc) was used to collect the 
conditioned media. Fresh human peripheral mononuclear cells 
(~100,000) were added to the top wells in serum-free FluoroBrite 
DMEM, while the conditioned media were added to the bottom 
wells. In some experiments, the conditioned media were incubated 
with the neutralizing antibody against human CCL2 (MAB679, 
R&D Systems) or the mouse IgG2B isotype control (MAB004, R&D 
Systems) for 3 hours at 4°C prior to the migration assay. The cells 
were allowed to migrate for 3 hours at 37°C, 5% CO2. The cells 
collected from the bottom wells were subject to flow cytometry 
analysis for different lineages using the following anti-human 
antibodies: FITC CD14 (HCD14), APC CD4 (RPA-T4), APC-cy7 
CD8 (SK1), PE CD19 (HIB19), and PE-cy7 CD56 (HCD56), all 
purchased from BioLegend. The cell number per sample was counted 
by adding a predefined number of polystyrene beads (Spherotech). 
The fraction of migrated cells was calculated by dividing with the 
total number of cells for each lineage added to each well.

Statistical analyses
All statistical analyses were performed using GraphPad Prism 6. 
Unless otherwise noted, all statistical comparisons were made from 
at least three independent experiments by one-way analysis of variance 
(ANOVA), followed by Tukey’s post hoc testing, and were considered 
significant if P < 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/15/eaaw0158/DC1
View/request a protocol for this paper from Bio-protocol.
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Mathematical modeling 
 

TNFα-mediated NF-κB activation 

The fraction of an interacting protein X bound to a target Y is generally described by a standard 

Hill function:  

 

𝜃𝑋
𝑌 =  

1

1 + (𝐾𝑋
𝑌

[𝑋]
)

𝑛         (𝐸𝑞. 1.1). 

 

𝐾𝑋
𝑌 is the concentration of X where the total bound protein complex is half-maximum (potency). 

n denotes cooperativity of binding, which is typically 1 or 2 (25). 

 

𝜃𝑋
𝑌 is used to describe stimulation upon binding, while 1 − 𝜃𝑋

𝑌 is used to describe repression. 

 

We constructed a set of differential equations to describe the kinetics of NF-κB activation 

(phosphorylated p65) in response to TNFα binding to TNF receptor (TNFR). We implemented 

an incoherent feedforward loop (I1-FFL) where TNFR stimulation leads to NF-κB activation and 

induction of factors that in turn inhibit activated NF-κB (Fig. S2C). 

 

𝑑𝐼
𝑑𝑡

=  𝛽𝐼𝜃𝑇𝑁𝐹𝛼
𝑇𝑁𝐹𝑅 − 𝛼𝐼𝐼        (𝐸𝑞. 1.2) 

 

where I is the concentration of factors that are induced upon TNFR stimulation, which 

subsequently inhibit activated NF-κB (deemed ‘inhibitors’). βI is the intrinsic or constitutive 

production rate of I.  𝜃𝑇𝑁𝐹𝛼
𝑇𝑁𝐹𝑅 denotes dose response for stimulation of TNFR by TNFα (Eq. 1.1). 

αI is the decay rate of I.  

 

𝑑𝑝𝑁𝐹
𝑑𝑡

=  𝛽𝑝𝑁𝐹𝜃𝑇𝑁𝐹𝛼
𝑇𝑁𝐹𝑅(1 − 𝜃𝐼

𝑝𝑁𝐹) −  𝛼𝑝𝑁𝐹𝑝𝑁𝐹           (𝐸𝑞. 1.3) 

 

,where pNF is the concentration of activated NF-κB. βpNF is the intrinsic or constitutive 

production rate of pNF. 1 − 𝜃𝐼
𝑝𝑁𝐹denotes dose response for repression of pNF by I. Both 



 

stimulated TNFR and I determine pNF, and hence their functions are multiplied (25). αpNF is the 

decay rate of pNF.  

 

Analytical solution of Eq. 1.3 leads to: 

 

𝑝𝑁𝐹 =  
𝛽𝑝𝑁𝐹

𝛼𝑝𝑁𝐹
𝜃𝑇𝑁𝐹𝛼

𝑇𝑁𝐹𝑅(1 − 𝜃𝐼
𝑝𝑁𝐹) +  𝐶𝑒−𝛼𝑝𝑁𝐹𝑡          (𝐸𝑞. 1.4) 

 

At t = 0,  

𝑝𝑁𝐹0 =  
𝛽𝑝𝑁𝐹

𝛼𝑝𝑁𝐹
𝜃𝑇𝑁𝐹𝛼

𝑇𝑁𝐹𝑅(1 − 𝜃𝐼
𝑝𝑁𝐹) +  𝐶         (𝐸𝑞. 1.5) 

 

Substituting Eq. 1.5 into Eq. 1.4, followed by rearrangement leads to: 

 

𝑝𝑁𝐹 =  
𝛽𝑝𝑁𝐹

𝛼𝑝𝑁𝐹
𝜃𝑇𝑁𝐹𝛼

𝑇𝑁𝐹𝑅(1 − 𝜃𝐼
𝑝𝑁𝐹)(1 − 𝑒−𝛼𝑝𝑁𝐹𝑡) + 𝑝𝑁𝐹0𝑒−𝛼𝑝𝑁𝐹𝑡          (𝐸𝑞. 1.6) 

 

The maximum level of pNF (pNFm) occurs when the inhibition is 0, i.e. (1 − 𝜃𝐼
𝑝𝑁𝐹) = 1, and t = 

∞. Thus,  

 

𝑝𝑁𝐹𝑚 =   
𝛽𝑝𝑁𝐹

𝛼𝑝𝑁𝐹
𝜃𝑇𝑁𝐹𝛼

𝑇𝑁𝐹𝑅    (𝐸𝑞. 1.7). 

 

The equation for the fold change in pNF is: 

 

 𝐹𝑝𝑁𝐹 =  
𝑝𝑁𝐹
𝑝𝑁𝐹0

=  𝐹𝑝𝑁𝐹𝑚(1 − 𝜃𝐼
𝑝𝑁𝐹)(1 − 𝑒−𝛼𝑝𝑁𝐹𝑡) +  𝑒−𝛼𝑝𝑁𝐹𝑡          (𝐸𝑞. 1.8) 

 

where 𝐹𝑝𝑁𝐹𝑚 =  𝑝𝑁𝐹𝑚
𝑝𝑁𝐹0

 . 

 

Assuming that the initial level of I is very low (~0) (42, 43), solving Eq. 1.2 leads to: 



 

 

𝐼 =   𝐼𝑠𝑡 (1 − 𝑒−𝛼𝐼𝑡)      (𝐸𝑞. 1.9) 

 

where  𝐼𝑠𝑡 = 𝛽𝐼
𝛼𝐼

𝜃𝑇𝑁𝐹𝛼
𝑇𝑁𝐹𝑅 . 

 

Substituting Eq. 1.9. into Eq 1.8., leads to: 

 

𝐹𝑝𝑁𝐹 = 𝐹𝑝𝑁𝐹𝑚(1 − 
1

1 + ( 𝐾𝐼
𝑝𝑁𝐹

𝐼𝑠𝑡(1−𝑒𝛼𝐼𝑡)
)

𝑛)(1 − 𝑒−𝛼𝑝𝑁𝐹𝑡) +  𝑒−𝛼𝑝𝑁𝐹𝑡          (𝐸𝑞. 1.10) 

 

In a simple case when n = 1, rearranging Eq. 1.10 leads to: 

 

𝐹𝑝𝑁𝐹 = 𝐹𝑝𝑁𝐹𝑚( 
𝐼𝑟𝑎𝑡𝑖𝑜

𝐼𝑟𝑎𝑡𝑖𝑜 + (1 − 𝑒𝛼𝐼𝑡))(1 − 𝑒−𝛼𝑝𝑁𝐹𝑡) + 𝑒−𝛼𝑝𝑁𝐹𝑡          (𝐸𝑞. 1.11) 

 

, where 𝐼𝑟𝑎𝑡𝑖𝑜 = 𝐾𝐼
𝑝𝑁𝐹

𝐼𝑠𝑡
  

 

At the steady state (𝐹𝑝𝑁𝐹𝑠𝑡), t = ∞, 

 

𝐹𝑝𝑁𝐹𝑠𝑡 = 𝐹𝑝𝑁𝐹𝑚 ( 
𝐼𝑟𝑎𝑡𝑖𝑜

𝐼𝑟𝑎𝑡𝑖𝑜 + 1
)      (𝐸𝑞. 1.12) 

 

The maximum to steady state ratio of pNF (R) = 𝐹𝑝𝑁𝐹𝑚
𝐹𝑝𝑁𝐹𝑠𝑡

=  𝑝𝑁𝐹𝑚
𝑝𝑁𝐹𝑠𝑡

  is constant because: 

𝑠𝑜𝑓𝑡 𝑝𝑁𝐹𝑚
𝑠𝑡𝑖𝑓𝑓 𝑝𝑁𝐹𝑚 

 = 𝑠𝑜𝑓𝑡 𝑝𝑁𝐹𝑠𝑡
𝑠𝑡𝑖𝑓𝑓 𝑝𝑁𝐹𝑠𝑡

 = ~1.6 when t ≥ 10 min after TNFα stimulation (Fig. S2B), 

 

𝐼𝑟𝑎𝑡𝑖𝑜 = ( 
1

𝑅 − 1
)      (𝐸𝑞. 1.13). 

 

Finally, substituting Eq. 1.13 to Eq. 1.11, and rearrangement leads to: 



 

 

𝐹𝑝𝑁𝐹 = 𝐹𝑝𝑁𝐹𝑚  
1 − 𝑒−𝛼𝑝𝑁𝐹𝑡

1 + (1 − 𝑒𝛼𝐼𝑡)(𝑅 − 1)
+  𝑒−𝛼𝑝𝑁𝐹𝑡          (𝐸𝑞. 1.14) 

 

; Hence, βI no longer exists in this equation. pNF0 is similar between soft and stiff substrates, 

which was experimentally determined. If pNF0 is set to 1, pNF can be expressed simply as the 

fold change from the baseline (1.0). Thus,  

 

𝑝𝑁𝐹 = 𝑝𝑁𝐹𝑚  
1 − 𝑒−𝛼𝑝𝑁𝐹𝑡

1 + (1 − 𝑒𝛼𝐼𝑡)(𝑅 − 1)
+  𝑒−𝛼𝑝𝑁𝐹𝑡    (𝐸𝑞. 1.15). 

 

Therefore, I affects pNF only via αI.  

 

R, pNFm, αI, and αpNF were determined by fitting the experimental data to Eq. 1.15. Out of these 

parameters, fitting the data in Fig. 2A shows that only pNFm (and thus pNFst) is significantly 

different between soft and stiff substrates (Fig. S2D). 

 

 

 

  



 

 
Figure S1. Characterization of soluble factor diffusion and response of MSCs to TNFα in 

engineered alginate hydrogels. (A) AFM was used to measure Young’s modulus (E) of ‘soft or 

‘stiff’ alginate gels. Alginate hydrogels were formed by different calcium sulfate concentrations: 

12~12.5 mM for soft (E ~2 kPa) and 35~40 mM for stiff (E ~ 35 kPa). Representative graphs 

from a batch of alginate-RGD. n ≥ 20 measurements. Error bars: ± SD. (B) Diffusion of Gaussia 

luciferase from ionic alginate hydrogels to media over time. The conditioned media from MSCs 

expressing Gaussia luciferase was mixed with alginate solutions to form soft or stiff gels, which 

were then punched into discs, followed by incubation in DMEM for 37oC. The gels were washed 

and digested into solutions by adding 50 mM EDTA at the indicated time points. The amount of 

Gaussia luciferase remaining in gels was normalized by that of total Gaussia luciferase 

encapsulated in gels. Half-time of protein diffusion = ~32 min for both soft and stiff gels. n = 3 

technical replicates ± SD (C) Secretion kinetics of Gaussia luciferase from engineered MSCs in 

3D alginate-RGD hydrogels. The media were collected at the indicated time points to measure 

the level of Gaussia luciferase. All the values were normalized by the signal at 30 min in culture. 



 

Linear fit for both soft and stiff groups, slope = 0.7/hr. n = 3 experiments ± SEM. (D) Diffusion 

of exogenously added TNFα into soft or stiff alginate hydrogels. 100 ng/ml recombinant TNFα 

was added to soft or stiff gels and the amount of TNFα in gels at different time points was 

quantified by ELISA and normalized to total amount of TNFα added. One-phase association 

kinetics fit, t1/2 = ~1.2hr, plateau = ~50% for both soft and stiff gels. n = 3 technical replicates ± 

SD. (E) Changes in mRNA expression of a panel of genes in response to treatment of TNFα for 

3 days in soft or stiff gels. n = 3 technical replicates for each gene ± SD. (F) TNFα-induced 

upregulation of CCL2 and IL6 mRNAs in MSCs plated on 2D culture environments. For each 

gene, P<0.05 from one-way ANOVA with Tukey’s HSD test, *P<0.05 (n = 3 experiments). 

Error bars indicate ± SEM. (G) Fold difference in TNFα-induced CCL2 protein expression 

between MSCs in soft and stiff matrices across different donors. M/F: male or female; Number = 

age. Each data point is from an independent experiment (3~5 experiments per donor). (H) 

Percentage of viable (calcein positive, ethidium bromide negative) MSCs after encapsulation in 

soft or stiff 3D gels and culturing for 1 day. n = 3 experiments ± SEM. (I) Phosphorylation levels 

of STAT1 at Tyr701 in response to IFNγ in hydrogel-encapsulated MSCs evaluated by 

intracellular flow cytometry. n = 3 technical replicates ± SD. 

 

  



 

 

 
Figure S2. Characterization of TNFα-induced NF-κB activation kinetics and surface 

TNFR1 clustering in MSCs encapsulated in alginate-RGD hydrogels. (A) Upregulation of 

CCL2 and IL6 by TNFα requires IKK. Dose-response curves are shown in response to the IKK2 

selective inhibitor ML-120B for 1 day. (i) CCL2, soft IC50 ~ 0.9 μM and stiff IC50 ~ 1.4 μM 

with Hill coefficient ~1.0 for both soft and stiff. (ii) IL6, IC50 ~ 0.6 μM with Hill coefficient 

~1.5 for both soft and stiff. Paired T-test, *P<0.05 soft vs. stiff at each dose. n = 3 experiments ± 

SEM. (B) Experimental results showing the ratio of activated NF-κB in MSCs between soft and 

stiff substrates at different time points. One phase association kinetics fit shows plateau = ~1.6 at 

t ≥ 10 min. n = 3 experiments ± SEM. (C) (i) A modeling scheme showing a pulse generator 

circuit. βI, intrinsic rate of inhibitor activation; αI, decay rate of inhibitors; βpNF, intrinsic rate of 

p65 activation (combined steps including IKK activation (p-IKK) and IκB degradation (p-IκB)); 

αpNF, decay rate of activated p65. These components form an incoherent feedforward loop (I1-

FFL). (ii) A representative graph of the I1-FFL model. In the absence of the inhibitor, activated 



 

NF-κB reaches the maximum level (pNFm). In the presence of the inhibitor, the I1-FFL model 

shows a pulse-like behavior where activation of NF-κB occurs rapidly followed by gradual 

deactivation, finally reaching the steady state (pNFst). Compared to the simple regulation with 

the equivalent pNFst, I1-FFL accelerates the response time (t1/2). (D) Results from fitting the 

experimental data (Fig. 2A) to the I1-FFL based model. (i) pNFm/pNFst. (ii) pNFm. (iii) The 

decay rate of the inhibitor (αI). (iv) The decay rate of the activated NF-κB (αpNF). n = 3 

experiments ± SEM. (E) The basal level of phosphorylated NF-κB at Ser536 (p-p65) normalized 

to total p65. n = 3 experiments ± SEM. (F) Gene expression of TNFR1 relative to GAPDH 

measured by qPCR. n = 3 technical replicates ± SD.  

  



 

 
Figure S3. Characterization of TNFR1 clustering as a function of matrix stiffness. (A) An 

overview of the method to quantify cell surface clusters of TNFR1-YFP by using confocal 

imaging and image processing (see Methods). (B) Cell surface distribution and clustering of 

TNFR1-YFP in HeLa cells encapsulated in soft or stiff 3D gels. (i) Cluster size of TNFR1-YFP 

on the cell surface. (ii) Cluster number of TNFR1-YFP per cell. (iii) Cell surface per total 

TNFR1-YFP intensity. P<0.05 One-way Brown-Forsythe and Welch ANOVA for i and ii with 

Dunnett T3 multiple comparisons test, *P<0.05 (n = 15 cells from 2 experiments). Error bars: ± 

SD. 

  



 

 
Figure S4. Characterization of TNFR1 and F-actin near the cell surface as a function of 

matrix stiffness and lipid rafts. (A) Total F-actin volume per cell in soft vs. stiff matrix 

measured by quantifying LifeAct-RFP signals from 3D reconstructed confocal images. Unpaired 

T-test, *P<0.05 soft vs. stiff (n = 5 cells from 2 experiments). Error bars: ± SD. (B) 

Representative confocal images from 3D construction showing TNFR1-YFP (green) on the outer 

boundary of the cytoplasm (CellTrace, blue), along with F-actin (LifeAct-RFP, red) adjacent to 

TNFR1-YFP. Scale bar = 0.5 μm. (C) Cluster size of TNFR1-YFP on the cell surface as a 

function of matrix stiffness, TNFα, and nystatin. Labeled MSCs in soft or stiff gels were 

preincubated with either DMSO or nystatin (50 μM) for 2 hours, followed by treatment with or 

without TNFα (100 ng/ml) for 20 min prior to confocal imaging (see Methods). (D) F-actin 

volume at the vicinity (within 2-μm3) of TNFR1-YFP on the cell surface. (E) F-actin volume 

around the cell surface where TNFR1-YFP is not visible. For (C)-(E), P<0.05 from one-way 

ANOVA with Tukey’s HSD test, *P<0.05 (n = 5 cells from 2 experiments, the mean value of 

each cell from at least 70 measurements). Error bars: ± SD. 



 

 
Figure S5. Effects of different culture environments on the ability of MSCs to impact 

hematopoiesis in vitro. (A) (i) Experimental Scheme (see Methods). CB: Cord Blood, SCF: 

Stem Cell Factor, Tpo: Thrombopoietin. (ii) Viability of primed MSCs after culturing in the 

alginate-RGD fluid (0.5% w/v) without gelation for 4 days. n = 2 technical replicates ± SD. (B) 

Quantification of different hematopoietic cell populations evaluated by multicolor flow 

cytometry. The indicated surface marker phenotypes are based on previous studies on human 

hematopoiesis (33, 34). HSPC: Early hematopoietic stem progenitor cell, MPP: Multipotent 

progenitor, CMP: Common myeloid progenitor, GMP: granulocyte/monocyte progenitor. Cell 

number for each subpopulation was normalized to 5000 total CB cells precultured for 8 days 

prior to co-culture. For GMP and differentiated CD14+ monocytes, P<0.05 from one-way 

Brown-Forsythe and Welch ANOVA with Dunnett T3 multiple comparisons test, *P<0.05 (n = 4 

pooled from 2 experiments). Error bars: ± SD. 



 

 
 

Figure S6. Characterization of human hematopoietic engraftment and chemotaxis. (A) 

Percentage of human CD45+ (hCD45+) cells in tibias relative to total CD45+ cells (mouse CD45+ 

cells and human CD45+ cells). The analyses were done 4 days after PBS was delivered to the left 

tibia, and MSCs were delivered to the right tibia. n = 5 recipients from 2 independent 

experiments. (B) Percentage of migrated human peripheral mononuclear blood cell lineages 

towards the conditioned media from MSCs on plastic ± TNFα. n = 2 experiments ± SD. (C) The 

extent of lymphoid cell migration under chemotactic gradient through 3-μm pores for 3 hours. (i) 

CD4+ cells. (ii) CD8+ cells. (iii) CD19+ cells. (iv) CD56+ cells. n = 3 experiments ± SEM. 

  



 

Table S1. List of primers for qPCR analysis 

 Gene (human) Sequence (5’ Æ 3’) 
CCL2 F: AAGATCTCAGTGCAGAGGCTCG 

R: TTGCTTGTCCAGGTGGTCCAT 
CCL7 F: GAGAGCTACAGAAGGACCAC 

R: GTTTTCTTGTCCAGGTGCTTC 
IL6 F: GGTACATCCTCGACGGCATCT 

R: GTGCCTCTTTGCTGCTTTCAC 
IL8 F: ACTGAGAGTGATTGAGAGTGGAC 

R: AACCCTCTGCACCCAGTTTTC 
TSG6 F: AATACAAGCTCACCTACGCAG 

R: GGTATCCAACTCTGCCCTTAG 
TNFR1 F: TGCCAGGAGAAACAGAACAC 

R: TCCTCAGTGCCCTTAACATTC 
CAV1  F: CCTTCCTCAGTTCCCTTAAAGC 

R: TGTAGATGTTGCCCTGTTCC 
ANGPT1 F: AACCGAGCCTATTCACAGTATG 

R: ATCAGCACCGTGTAAGATCAG 
CSF1 F: CGCTTCAGAGATAACACCCC 

R: TCATAGAAAGTTCGGACGCAG 
CSF2 F: CTGAACCTGAGTAGAGACACTG 

R: GCCCTTGAGCTTGGTGAG 
CSF3 F: TTCCTGCTCAAGTGCTTAGAG 

R: AGCTTGTAGGTGGCACAC 
CXCL12 F: ACTCCAAACTGTGCCCTTC 

R: GACCCTCTCACATCTTGAACC 
IL10 F: CGCATGTGAACTCCCTGG 

R: TAGATGCCTTTCTCTTGGAGC 
IL11 F: CGGACAGGGAAGGGTTAAAG 

R: CACAGGCTCAGCACGAC 
SCF F: CCAGAACAGCTAAACGGAGTC 

R: GACGAGAGGATTAAATAGGAGCAG 
VEGF F: AGTCCAACATCACCATGCAG 

R: TTCCCTTTCCTCGAACTGATTT 


