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mesenchymal stromal cells singly coated with soft
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The precise understanding and control of microenvironmental cues could be used to optimize the efficacy of cell therapeutics.
Here, we show that mesenchymal stromal cells (MSCs) singly coated with a soft conformal gel presenting defined chemome-
chanical cues promote matrix remodelling by secreting soluble interstitial collagenases in response to the presence of tumour
necrosis factor alpha (TNF-a). In mice with fibrotic lung injury, treatment with the coated MSCs maintained normal collagen lev-
els, fibre density and microelasticity in lung tissue, and the continuous presentation of recombinant TNF-« in the gel facilitated
the reversal of aberrant tissue remodelling by the cells when inflammation subsided in the host. Gel coatings with predefined

chemomechanical cues could be used to tailor cells with specific mechanisms of action for desired therapeutic outcomes.

remodelling, the process broadly defined as reorganization

of tissues'. In some disease conditions, remodelling processes
become aberrant, resulting in irreversible tissue fibrosis®. Aberrant
tissue remodelling often results in physical changes in the extracel-
lular matrix (ECM), which impair physiological tissue mechanics,
leading to persistent organ dysfunction®!. Pathological changes
in tissue mechanics can be attributed to dysregulated production,
degradation or post-translational modification of the ECM°. Most
existing therapeutic strategies against fibrosis are designed to indi-
rectly impact the ECM turnover by targeting cytokine or growth
factor-mediated signalling pathways, but these approaches have
resulted in only modest clinical improvements®. Thus, there is
a need for strategies to directly modulate the ECM turnover that
could either promote normal remodelling or even reverse aberrant
remodelling after fibrotic tissue injury.

Treatment with mesenchymal stromal cells (MSCs) has been
tested in many clinical trials and has demonstrated favourable safety
profiles”®. A number of studies have tested MSC-based treatment
of fibrotic tissue injury’'". So far, most of these studies have attrib-
uted the therapeutic efficacy of MSCs to the paracrine release of
anti-inflammatory or immunomodulatory factors that are upregu-
lated in response to inflammatory activation as an adaptive coun-
termeasure'>'”. However, this approach requires an inflammatory
milieu in the host, which is present during the early phases of the
disease'*; this milieu is probably resolved by the time fibrosis is diag-
nosed and MSC-based therapies are considered. In addition, sup-
pression of inflammation alone is insufficient to improve long-term
outcomes in patients with lung fibrosis®.

In principle, MSCs can regulate the ECM turnover by respond-
ing to both chemical and mechanical signals from their microenvi-

| issue injury activates inflammation, which is followed by

ronments'*"", since MSCs in situ are normally present in interstitial
regions surrounded by the ECM. For instance, MSCs increase deg-
radation of the ECM in a pro-inflammatory cytokine milieu by
secreting some isoforms of matrix metalloproteinases (MMPs)*,
but MSCs also synthesize more collagen molecules in response to
ECM stiffening®"*2. However, it remains unclear how microenviron-
mental cues can be precisely harnessed to control the ECM turnover
in a regulated manner that can be used to direct MSCs to resolve
fibrotic injury. More broadly, there is a need for technologies to tai-
lor MSC-based therapeutics with specific chemomechanical cues
for desired outcomes.

Encapsulating cells in engineered matrices before delivery allows
the presentation of precisely defined chemomechanical cues®.
In particular, encapsulation of individual therapeutic cells into
microscale hydrogels facilitates delivery of both cells and materi-
als into deep tissues without major surgery”. Previous studies have
shown that microencapsulation of donor cells improves therapeutic
outcomes in some disease models by delaying clearance” or pre-
venting host rejection’®”. However, it remains unclear whether
microencapsulation can be leveraged to locally specify chemome-
chanical cues around donor cells to improve their therapeutic effi-
cacy. Here we present an approach where chemomechanical cues
are defined to direct the MSC secretome to promote matrix remod-
elling, and are subsequently packaged into conformal gel coating
to encapsulate individual donor MSCs for delivery to tissues that
undergo aberrant tissue remodelling upon fibrotic injury (Fig. 1a).

Results

Soft matrix enhances soluble interstitial collagenase production
in MSCs by TNF-a. We tested the central hypothesis that MSCs
respond to specific inflammatory and matrix biophysical signals,
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Fig. 1| Defining chemomechanical cues that enhance the production of soluble interstitial collagenases in mouse MSCs. a, Tissue injury induces changes
in both inflammatory and biophysical cues that influence the ability of MSCs to (1) accept soluble signals and (2) interpret them to produce paracrine
factors. Gel coating can provide MSCs with predefined chemomechanical cues to optimize specific mechanisms of action, such as (3) correction of
aberrant ECM remodelling. b, Left: effects of soluble inflammatory mediators on expression of Mmp13; and right: of Mmp1a, in D1 mouse MSCs treated for
3 days on plastic culture. TNF-a, IFN-y and IL-18 were added at 100 ng ml~, while LPS was added at 2,000 ng mI~'.Transcript levels are normalized to Gapdh.
*P=(1.4-2.9)x107° (left), P=(0.2-2.4) x 1072 (right). Ctrl, control. ¢, Left: effects of inhibitors against signalling pathways on Mmp13 expression induced
by TNF-a; and right: by IL-1B, in D1 mouse MSCs treated for 3 days on plastic culture. p38, p38 MAPK inhibitor, SB203580 (10 uM); JNK;, JNK inhibitor,
SP600125 (20 uM); ERK;,, ERK1/2 inhibitor, U0126 (5 uM); *P=(0.6—2.3) x 103 (left), P=8.8 x 1073 (right). For b and ¢, individual P values were derived
from one-way ANOVA followed by Tukey's multiple comparisons test. d, Phosphorylation levels of p38 MAPK (p-p38) and JNK (pJNK) after stimulation

of D1 mouse MSCs in suspension with TNF-a or IL-1B for 20 min. *P=3.7 x 102 via paired t-test. e, Dose—response curves of TNF-a to upregulate mRNA
expression of collagenases in DT mouse MSCs in soft or stiff bulk alginate-RGD hydrogels after 3-day treatment. Left: Mmp13: IC;, and maximum transcript
levels for soft, 10.8 uM and 1.53, respectively; for stiff, 48.83 uM and 0.82, respectively. Right: MmpTa: ICs, and maximum transcript levels for soft, 11.9 uM
and 0.069, respectively; for stiff, 15.42 uM and 0.023, respectively. *P=(0.3—-4.9) x 1072 (left), P=(0.9-4.8) x 102 (right) via two-way ANOVA followed
by Bonferroni's multiple comparisons test. f, Phosphorylation levels of JNK after stimulation of D1 mouse MSCs in soft or stiff alginate-RGD gels with
TNF-a for 20 min. *P=3.4 x 1072 via paired t-test. The dotted lines in d and f indicate the normalized level of phosphorylated proteins without treatment
with cytokines. For b—f, n=3 independent experiments, each performed in three replicates; grey circles represent data points. All data are shown

as mean + s.e.m.

and subsequently correct aberrant tissue remodelling processes via

of soluble interstitial collagenases, including Mmp13 (Fig. 1b, left)
the release of paracrine factors. Here we focused on MMPs, which

and Mmpla (Fig. 1b, right), to a greater extent than other tested

regulate a number of fundamental processes involving normal
and aberrant tissue remodelling'’**. Tumour necrosis factor alpha
(TNF-a), interferon-y (IFN-y), interleukin-1p (IL-1p) and lipopoly-
saccharide (LPS) were first tested as inflammatory signals since they
have been previously implicated in eliciting anti-inflammatory and
therapeutic functions of MSCs as an adaptive response to injury®.
Clonally derived marrow D1 mouse MSCs were chosen for initial
studies since clonal populations provide greater cell-to-cell homo-
geneity than primary cells®. TNF-a upregulated mRNA expression

inflammatory signals. In contrast, TNF-a did not substantially
upregulate gelatinases (for example, Mmp2) (Supplementary
Fig. 1a). We next assessed whether primary mouse and human bone
marrow MSCs would show similar effects and found upregulation
of collagenases in these cells upon activation by inflammatory sig-
nals (Supplementary Fig. 1b,c). Thus, TNF-a is a prominent inducer
of soluble interstitial collagenase expression in MSCs.

To identify downstream signalling pathways that mediate
TNF-a-induced upregulation of soluble interstitial collagenases,
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we tested Mmpl3 mRNA expression in response to TNF-a in
the presence of inhibitors against p38 mitogen-activated protein
kinase (MAPK), c-Jun N-terminal kinase (JNK) and extracel-
lular signal-regulated kinase 1/2 (ERK1/2) pathways—SB203580
(10pM), SP600125 (20pM) and UO0126 (5pM), respectively.
Inhibition of p38 MAPK and JNK but not inhibition of ERK1/2 sup-
pressed TNF-a-induced upregulation of Mmpl3 mRNA (Fig. lc,
left). In contrast, only inhibition of p38 MAPK was able to reduce
IL-1p-induced upregulation of Mmp13 mRNA (Fig. 1c, right), sug-
gesting that JNK is selective to TNF-a-induced upregulation of
Mmp13 mRNA. TNF-o induced phosphorylation of JNK isoforms
p46 (at Thr183) and p54 (at Tyrl85) in 20min to a greater extent
than IL-1p, while both TNF-a and IL-1p induced phosphorylation
of p38 MAPK at Thr180 and Tyr 182 to a similar extent (Fig. 1d).
These results suggest that the JNK pathway plays an important role
in TNF-a-induced Mmp13 expression.

We then sought to better understand the impact of patho-
physiologically relevant mechanical cues on the ability of MSCs
to express MMPs in response to TNF-a. To address this question,
we used a synthetic alginate (LF200, ~240kPa, 1% weight per vol-
ume (w/v)) hydrogel system conjugated with the minimal integrin
adhesion ligand Arg-Gly-Asp (RGD) (~60uM; Supplementary
Fig. 2a) with tunable stiffness (Young’s modulus, E) (alginate-RGD)
(Supplementary Fig. 2b)*'. Most D1 mouse MSCs remained viable
3 days after encapsulation in soft (E~2kPa) or stiff (E~20kPa)
bulk gels (Supplementary Fig. 2c). Hydrogel stiffness did not
impact the diffusion of TNF-a recombinant protein into the gels
(Supplementary Fig. 2d). To characterize the effect of hydrogel stiff-
ness on TNF-a-induced expression of collagenases, dose—response
studies were performed. The soft bulk gel increased the maximum
response of TNF-a to upregulate Mmp13 (Fig. le, left) and Mmpla
(Fig. le, right) mRNA by ~1.9-fold and ~3-fold, respectively.
Primary mouse and human bone marrow MSCs also showed simi-
lar effects upon treatment with TNF-a after encapsulation in bulk
gels (Supplementary Fig. 2e,f). In addition, the soft bulk gel reduced
the dose of TNF-a required for the half-maximum response (that
is, it increased potency) to upregulate Mmp13 and Mmpla mRNA
by ~4.5-fold and ~1.3-fold, respectively (Fig. le). Consistently,
TNF-a-induced phosphorylation of JNK was higher when MSCs
were encapsulated in the soft bulk gel than in the stiff bulk gel
(Fig. 1f). Thus, TNF-a and soft matrix constitute chemomechanical
cues that enhance the production of soluble interstitial collagenases
by MSCs.

Gel coating enables MSCs to degrade collagen over distance in
response to TNF-o. We tested the possibility that MSCs treated
with TNF-« in soft matrix can be leveraged to degrade collagen
in a paracrine manner, which can potentially be useful to control
remodelling processes that result in tissue rigidification by collagen
deposition or crosslinking®. We leveraged a droplet microfluidic
approach to miniaturize the soft bulk alginate-RGD gel into con-
formal gel coating of individual cells (pMSC; Fig. 2a(i)). To facilitate
delivery to tissues with a narrow space, such as small airways, we
further tuned the approach to minimize the volume of gel coating
by two to roughly three times that of a single MSC (Fig. 2a(ii)) while
maintaining soft E at ~2kPa (Fig. 2a(iii)). This approach yielded
gel-coated viable MSCs (Fig. 2a(iv)) with high efficiency without
the need to perform additional cell sorting, and is thus suited for
therapeutic uses. A high-molecular-weight alginate (~240kDa) was
chosen to keep most MSCs from proliferating®**, as confirmed by
a low level of 5-ethynyl-2'deoxyuridine (EdU) incorporation for 1
day, as opposed to MSCs in collagen-I gel (Fig. 2a(v)). Importantly,
gel coating keeps MSCs from adopting myofibroblast phenotypes
for at least 3 days after encapsulation, since the gene expression
of a-smooth muscle actin (Acta2), beta-actin (Actb) and tumour
growth factor-p1 (Tgfff1) remained lower than that of MSCs in the

NATURE BIOMEDICAL ENGINEERING | www.nature.com/natbiomedeng

ARTICLES

stiff bulk gel, consistent with a previous study*—Tgff}1 expression
was even lower in gel-coated MSCs than MSCs in the soft bulk gel
(Supplementary Fig. 3a).

TNF-a-induced expression of collagenases in gel-coated MSCs
was then tested. Despite the similar diffusion kinetics of TNF-o
into the microgel versus the bulk gel with the same Ex2kPa
(Supplementary Fig. 3b), gel coating of single D1 mouse MSCs
resulted in approximately threefold higher TNF-a-induced
upregulation of Mmpl3 and Mmpla than bulk gel encapsula-
tion of MSCs (Fig. 2b). Treatment of gel-coated MSCs with
TNF-a increased collagenase activity in the conditioned media,
which was further enhanced by approximately twofold when the
media were treated with the saturating concentration (1 mM) of
4-aminophenylmercuric acetate (APMA), the chemical activator
of latent MMPs*® (Fig. 2¢). Primary mouse and human bone mar-
row MSCs also showed similar effects upon treatment with TNF-o
after gel coating (Supplementary Fig. 3c—e). Thus, gel-coated MSCs
secrete both active and latent forms of collagenases in response to
TNF-a. Gel-coated D1 mouse MSCs were capable of degrading
the surrounding collagen-I ex vivo upon activation with TNF-a
for 1 day in culture in an MMP-dependent manner, since incuba-
tion with the pan-MMP inhibitor GM6001 (10 pM) suppressed this
process (Fig. 2d(i—ii)). Most MSCs remained within the microgels
(Fig. 2d(iii)), suggesting that gel-coated MSCs can degrade
collagen-I in a paracrine manner. Thus, gel coating is an enabling
cue for MSCs to degrade collagen over distance by producing solu-
ble collagenases in response to TNF-a.

Gel coating enables MSCs to promote normal remodelling after
fibrotic lung injury in vivoe. To investigate the therapeutic relevance
of our results, we tested the hypothesis that gel coating enables
MSCs to inhibit tissue rigidification induced by fibrotic injury dur-
ing acute host inflammation. A bleomycin-induced injury model
was used to test the hypothesis, since it has been leveraged to repro-
ducibly recapitulate some aspects of aberrant tissue remodelling,
including enhanced collagen production and crosslinking”. The
lungs were chosen as the model organ of interest, since they are fre-
quently exposed to exogenous injury, which could lead to scar for-
mation in interstitial regions, thereby compromising respiration.
Lung fibrosis is also a terminal disease for afflicted patients due to
the lack of efficacious therapies‘. To this end, we instilled bleomycin
(0.015U per 20 g mouse) intratracheally (i.t.) to induce injury in the
mouse lungs. The basal total collagen level in the lungs was ~0.3 pg
hydroxyproline per mg tissue. After bleomycin treatment, this
value remained at the baseline at week 1 but increased by approxi-
mately twofold to ~0.6 pgmg™" at week 2 (Supplementary Fig. 4a(i)).
Infiltration of neutrophils, lymphocytes and macrophages into
the airways also increased and peaked 2 weeks after bleomycin
treatment, suggesting a high level of inflammation (Supplementary
Fig. 4a(ii—iv)).

To test whether gel coating enables MSCs to suppress excess colla-
gen deposition, 100,000 gel-coated D1 mouse MSCs were delivered
i.t. per 20g mouse after 1 week of bleomycin treatment, followed
by analyses after 1 week of cell delivery (Fig. 3a). Gel-coated MSCs,
but not uncoated MSCs, significantly limited total hydroxypro-
line deposition to ~0.45pugmg™" in the lungs (Fig. 3b). Automated
analyses of Masson’s trichrome-stained lung sections based on
machine learning® (Supplementary Fig. 4b,c) showed decreased
fibrotic mass and increased maintenance of normal alveoli after
delivery of gel-coated MSCs compared with other tested groups
(Fig. 3¢). Three-dimensional (3D) two-photon analyses of fresh lung
samples” showed that only gel-coated MSCs significantly reduce
accumulation of fibrillar collagen in the lung parenchyma (Fig. 3d).
To test whether gel-coated MSCs also preserve physiological lung
tissue stiffness against bleomycin treatment, we used atomic force
microscopy (AFM) to measure microelasticity of lung parenchymal
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Fig. 2 | Packaging chemomechanical cues into engineered gel coating for single mouse MSCs to enable paracrine matrix remodelling. a, Characterization
of gel-coated D1 mouse MSCs. (i) Schematic showing the droplet microfluidic approach to coat single MSCs in a thin layer of alginate (Alg) gels (uMSC)
(Methods). Inset: representative confocal image of a gel-coated MSC after reconstruction (green, cytoplasm; blue, nucleus; red, alginate-rhodamine;
scale bar, 10 pm). (ii) Volume of cells (calcein) and gel coating (alginate-RGD with rhodamine) from confocal microscopy 6 h after encapsulation.

n=3 independent experiments, each averaged from seven gel-coated cells. (iii) Elasticity (Young's modulus, E) of the gel coating. n=3 independent
experiments, each averaged from five gel-coated cells. (iv) Percentage of viable gel-coated D1 mouse MSCs after 3 days in culture. n=3 independent
experiments, each performed in two replicates. (v) Incorporation of EdU by D1 mouse MSCs in collagen-1 (Col-I) gel or gel-coated MSCs over 1day in
culture. The dotted line indicates a background signal measured in the absence of EdU. The values indicate the fractions of cells that incorporated EdU
above the background level from the data pooled from 3 independent experiments. CaCO3, calcium carbonate nanoparticles; a.u., arbitrary units. b, Left:
effects of TNF-oe (100 ngml~") on expression of Mmp13; and right: of MmpTa, in D1 mouse MSCs in soft bulk gel or gel coating after 3-day treatment in
culture. *P=4.5x10-* (left), P=5.9x 1073 (right). ¢, Collagenase activity in the conditioned media. The media were collected from gel-coated MSCs
(50,000 cells per 200 pl) + TNF-a (100 ng ml~") for 3 days, followed by mixing with fluorogenic Col-I substrate (DQ-collagen, 100 pg ml~") + latent MMP
activator APMA (1mM) and incubating for 1 day before readout. The dotted line indicates a background signal from a complete DMEM. *P=1.2x1077,
**P=6.0%10"% ***P=(0.4-3.7) x 107, For ¢ and d, n=3 independent experiments, each performed in three replicates. d, Collagen degradation by
embedded uncoated or gel-coated D1 mouse MSCs for 1day in the presence of APMA. (i) Representative images. Scale bar, 20 pm. (ii) Quantification.
Left: degraded DQ-collagen (green*) volume per field of view. GM6001 (10 uM): pan-MMP inhibitor. Each group was normalized to the uncoated MSC
without TNF-a group.; *P =2.0 x 1072, Right: viable (calcein*) cell number per field of view. n=3 independent experiments, each averaged from three fields
of view. (iii) Percentage of cells retained within gel coating after culturing for 3 days. n=3 independent experiments, each averaged from five fields of view.
Individual P values were derived from one-way ANOVA followed by Tukey’s multiple comparisons test. Grey circles throughout represent data points.

All data are shown as mean + s.e.m.
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sections”*!. Gel-coated MSCs, but not uncoated MSCs, significantly ~ assessed the MSC dose required for achieving therapeutic efficacy
reduced lung tissue stiffness by ~threefold compared with the vehi-  and found that lower doses of gel-coated MSCs were not effective
cle control (Fig. 3e). Gel-coated MSCs were effective in reducing (Supplementary Fig. 5a), thus suggesting that 100,000 gel-coated
infiltration of neutrophils and lymphocytes into the airways, while ~MSCs per 20 g mouse is probably the minimum effective dose in this
macrophage infiltration remained unchanged (Fig. 3f). We next context. Increasing the dose of uncoated MSCs to 500,000 cells per
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Fig. 3 | Mouse MSCs in gel coating promote normal tissue remodelling after fibrotic lung injury. a, Experimental design. B, bleomycin (bleo); Tx,
treatment—vehicle (veh), uncoated D1 mouse MSCs or gel-coated MSCs (uMSCs); A, analysis. b, Hydroxyproline levels in lung tissue. n=3 animals
for no bleo and n=6 for other groups. *P =(1.8-4.1) x 10~2. ¢, Histological evaluation of collagen deposition. Left: representative images from Masson's
trichrome stain. Scale bar, 100 pm. Top right: percent total fibrotic mass at low magnification. n=3 animals per group, each data point averaged from
three fields of view from three tissue sections of each animal. Bottom right: percent normal alveoli at high magnification. n=3 animals per group, each
data point averaged from nine fields of view from three tissue sections of each animal. *P =2.3x 1072 (top right), P=(8.2-9.9) x 103 (bottom right);
**P=2.1x10"* (top right). d, Parenchymal collagen and elastin levels. Left: representative images from two-photon microscopy. Scale bar, 20 pm. Right:

elastin (E,)-to-collagen (C,) volume ratio index (E, — C,)/(E,+ C,). n=3 animals

per group, each data point averaged from three fields of view from a lung of

each animal. *P=(0.7-4.2) x 102 e, Microelasticity of lung tissue sections measured by atomic force microscopy. n=3 animals per group, each
data point averaged from 15 indentations of random regions from three tissue sections of each animal for no bleo, 30 indentations for other groups.

*P=(0.4-4.8) x 1072 f, Left: quantification of neutrophils; middle: lymphocytes;

and right: macrophages, in bronchoalveolar lavage fluid. n=same as b.

*P=(3.0-4.8) X102 (left), P=4.4 x 1072 (middle); **P=2.5x10~* (middle); NS, not significant; P> 0.05 (right). Individual P values were derived from
one-way Welch ANOVA followed by Dunnett T3 multiple comparisons test. All data are shown as mean + s.d.

20 g mouse was not sufficient to recapitulate the effect of gel-coated
MSCs (Supplementary Fig. 5b). The gel alone was not bioactive,
since empty alginate-RGD microgels (~20pm in diameter) that
did not contain cells showed no significant effect when delivered
via either i.t. or intravenous (i.v.) route (Supplementary Fig. 5c).
Gel coating of primary mouse bone marrow MSCs also resulted
in reduced levels of collagen deposition, reduced accumulation of
fibrillar collagen in the lung parenchyma and infiltration of neu-
trophils and lymphocytes—these effects were observed in both i.t.
(Supplementary Fig. 6a) and i.v. (Supplementary Fig. 6b) routes of
delivery. Gel-coated primary MSCs were also able to reduce infiltra-
tion of macrophages upon i.t. delivery (Supplementary Fig. 6a(v)).
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Thus, gel coating of MSCs is an effective means of suppressing
fibrotic lung injury while minimizing the number of required
therapeutic donor cells.

Delivery routes determine the effect of gel coating on the resi-
dence time of MSCs. To test whether the ability of gel-coated MSCs
to inhibit fibrotic lung injury can be attributed to the increased resi-
dence time of MSCs, we used D1 mouse MSCs that express firefly
luciferase to track their biodistribution kinetics in vivo. Both i.v.
and i.t. routes led to localization of MSCs in the lung regions of the
mice previously treated with bleomycin for 1 week, within 30 min of
administration. Consistent with the previous results*, i.v. injected,
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Fig. 4 | Donor MMP13 and host TNF-a determine effects of gel-coated mouse MSCs on fibrotic lung injury. a, Effects of Mmp13 knockdown in gel-coated
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D1 mouse MSCs on hydroxyproline levels in lung tissue of Tnfa™~ host animals.

d, Left: quantification of neutrophils; middle: lymphocytes; and right:

macrophages, in bronchoalveolar lavage fluid. For € and d, n="5 animals for each of no bleo, bleo + untreated (unt) pMSCs, and bleo + TNF-a-treated
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P values were derived from one-way Welch ANOVA followed by Dunnett T3 multiple comparisons test. Data are shown as mean + s.d.

uncoated MSCs were rapidly cleared from the lungs (half-life,
t,,~5h) with no evidence of subsequent integration in other tis-
sues. Gel coating significantly increased the residence time of i.v.
injected MSCs by ~3.5-fold (t,,~18h) and enhanced the remain-
ing fraction of MSCs by ~2-fold in 7 days (Supplementary Fig. 7a).
In contrast, i.t. delivered, uncoated MSCs were cleared slower than
i.v. injected, uncoated MSCs by ~3-fold (t,,~ 15h)—despite this,
uncoated MSCs did not significantly inhibit bleomycin-induced
lung injury (Fig. 3). Gel coating did not delay the clearance of i.t.
delivered MSCs (Supplementary Fig. 7b) in terms of half-life, pla-
teau and total area of the biodistribution curve (Supplementary
Fig. 7c—e), thereby suggesting that the effect of gel coating on the
residence time of MSCs depends on route of administration. Thus,
the ability of gel-coated MSCs to suppress fibrotic lung injury was
not due to increased residence time of MSCs.

Donor MMP13 and host TNF-a determine the efficacy of
gel-coated MSCs in fibrotic injury. We tested whether soluble
collagenase from gel-coated D1 mouse MSCs contributes to their
efficacy in bleomycin-induced lung injury. Mmp13 was chosen as
a soluble interstitial collagenase of interest for mechanistic studies,
because its expression level is generally much higher than another
isoform Mmp1la (Fig. 1 and Supplementary Fig. 1). D1 mouse MSCs
were treated with Mmp13 small interfering RNA (siRNA) or scram-
bled siRNA before gel coating. Transfection of siRNA in MSCs led
to ~70% knockdown of Mmp13 in 1 day compared with scrambled
siRNA (Supplementary Fig. 8a). Gel-coated MSCs treated with
Mmpl3 siRNA were no longer able to ameliorate hydroxyproline
deposition compared with those treated with scrambled siRNA

(Fig. 4a). The reduction of both neutrophils and lymphocytes by
gel-coated MSCs was also no longer seen with Mmp13 siRNA, sug-
gesting that MMP13 suppresses recruitment of these cells into the
lung airways (Fig. 4b). Therefore, MMP13 from donor MSCs is
essential for gel-coated MSCs to suppress fibrotic lung injury.

We next tested whether gel-coated MSCs require host TNF-a to
suppress aberrant tissue remodelling in bleomycin-induced lung
injury. The total collagen level in the lungs of Thfa™'~ mice was
increased approximately twofold after 1 week of bleomycin treatment
(Fig. 4c), just like in wild-type mice (Fig. 3b). However, gel-coated
MSCs were no longer able to inhibit hydroxyproline deposition
in the bleomycin-treated Tnfa~'~ mice (Fig. 4c). Gel-coated MSCs
also failed to reduce neutrophil infiltration in these mice, but they
could still reduce lymphocyte infiltration independently of TNF-a
(Fig. 4d). Treating with recombinant TNF-a before administration
rescued the ability of gel-coated MSCs to reduce hydroxyproline
deposition and neutrophil infiltration in Tnfa~'~ mice (Fig. 4c,d).
Together, the results show that both host TNF-a and donor MMP13
are required for the ability of gel-coated MSCs to ameliorate fibrotic
lung injury.

Predicting the efficacy of MSCs delivered at different time
points after fibrotic lung injury. We developed a mathemati-
cal model to gain quantitative insights into how MSCs influence
collagen deposition when delivered at different time points upon
tissue injury (Supplementary Text). In this model, both maxi-
mum production rate (#,,,,) and dose response of TNF-a binding
to MSCs (6, determine collagenase secretion from MSCs,
while a classical Michaelis—-Menten equation describes collagen
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Fig. 5 | Deterministic model predicts the effect of gel-coated MSCs on lung tissue collagen levels in different stages of bleomycin-induced injury.
a, Schematic depicting model of cell therapy to control host tissue collagen by delivering soluble interstitial collagenases (Supplementary Text). ayc is the

clearance rate of donor MSCs. g, (maximum production rate) and 6,

-« (dose response of TNF-a) determine collagenase production by MSCs. Bleomycin

(bleo) induces collagen production at the rate j,, while collagenases degrade collagen based on the Michaelis-Menten kinetics, &,. Collagenases are
cleared at the rate a,,,,. b, Left: simulation results for the effect of delivering MSCs 1 week after bleomycin (arrows) on collagenase; and right: on collagen
levels in lung tissue, with §,.,, varying from 0.4 to 4.0. ¢, Left: simulation results for the effect of delivering MSCs 3 weeks after bleomycin (arrows) on
collagenase; and right: on collagen levels in lung tissue, showing f,,.,,=0.4 and 1.2 without or with restoration of the maximum TNF-a level (£T) in the
bleomycin-treated host. d, Simulation results for the sensitivity of collagen degradation to host TNF-a as a function of §,,.,, when MSCs are delivered 3
weeks after bleomycin, followed by evaluation of tissue collagen 1 week after cell delivery. Vertical and horizontal dotted lines indicate the maximum level
of TNF-a after a single dose of bleomycin and the physiological level of lung tissue collagen, respectively.

degradation kinetics by collagenases (8,) (Fig. 5a). Parameter
values were set to recapitulate the phenotypes known to be
induced by instillation of single-dose bleomycin—TNF-a in the
airways is transiently increased to maximum at week 1, followed
by a decrease over 5 weeks®, while tissue collagen is increased
to maximum between weeks 2 and 4, and later decreases at week
6" (Supplementary Fig. 8b). The model shows that increasing f,,,,
as achieved by gel coating is sufficient to inhibit collagen deposi-
tion when MSCs are delivered 1 week after bleomycin treatment—
setting f3,,,,, to 1.2 and 0.4 recapitulates the experimental results
from delivering gel-coated MSCs and uncoated MSCs, respectively
(Fig. 5b). After 3 weeks of bleomycin treatment when collagen
deposition peaks, the host TNF-« level becomes lower from the
maximum by 2.5-fold (Supplementary Fig. 8b)—when MSCs are
delivered at this time point, the model suggests that both gel-coated
(Bump=1.2) and uncoated (f,,,,,= 0.4) MSCs will not be as effective
in resolving established collagen (Fig. 5¢). When the host TNF-a
level is restored to the maximum, however, the model predicts
that gel-coated MSCs will resolve collagen deposition more sub-
stantially than uncoated MSCs when delivered at week 3 (Fig. 5¢).
The sensitivity analysis indicates that increasing f,,,, will decrease
the half-maximum TNF-a concentration necessary to resolve col-
lagen (Fig. 5d). Thus, the model predicts the importance of both
gel coating and reconstituting TNF-a in enabling MSCs to facili-
tate normal tissue remodelling or reverse aberrant remodelling of
injured tissues.
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Gel-coated MSCs loaded with TNF-« facilitate the resolution
of fibrotic phenotypes. We next sought to develop a strategy to
reverse aberrant tissue remodelling at later time points when fibro-
sis has set in and inflammation has already subsided. Approximately
10% of total recombinant mouse TNF-a protein was stably incor-
porated in alginate microgels for at least 3 days after incubation
with the solution containing TNF-a for 1 day, followed by wash-
ing out unbound TNF-a (Supplementary Fig. 9a). This strategy
was used to continuously present MSCs with recombinant TNF-a
in gel coating and to test their efficacy in restoring injured tissues
after aberrant remodelling by administering to mice 3 weeks after
bleomycin treatment (Fig. 6a). Consistent with the model (Fig. 5),
only gel-coated, TNF-a-loaded MSCs significantly reduced estab-
lished collagen to ~0.4pgmg™" 1 week after delivery (Fig. 6b). In
addition, gel-coated, TNF-a-loaded MSCs significantly reduced
fibrotic mass, restored normal alveoli (Fig. 6¢) and brought fibrillar
collagen in the lung parenchyma to the physiological level (Fig. 6d).
Gel-coated, TNF-a-loaded MSCs were also effective in restoring
lung tissue closer to the physiological stiffness compared with other
groups (Fig. 6e). Gel-coated, TNF-a-loaded MSCs accelerated the
resolution of neutrophil and lymphocyte infiltrations, while macro-
phage infiltration remained unchanged (Fig. 6f).

To test whether TNF-a or MMP13 is sufficient to resolve fibrotic
phenotypes, we loaded alginate-RGD microgels (~20 pm in diam-
eter) with either recombinant mouse TNF-a or catalytically active
mouse MMP13 proteins. The diffusion kinetics of TNF-a into
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P values were derived from one-way Welch ANOVA followed by Dunnett T3 multiple comparisons test. Data are shown as mean + s.d.

microgels was fast (t,,~0.46h; Supplementary Fig. 3b), while
that of MMP13 from microgels was an order of magnitude slower
(t,,~4h; Supplementary Fig. 9b(i)). This feature provided an
opportunity to mimic TNF-a-loaded, gel-coated MSCs by loading
TNF-a briefly (~30 min) after the formation of microgels pre-loaded
with MMP13, while still allowing microgels to continuously release
MMP13 as they were administered in mice. The amount of MMP13
pre-loaded to microgels was chosen so that the maximum level of
MMP13 released per microgel would be similar to the maximum

level of MMP13 secreted per cell from TNF-a-treated, gel-coated
MSCs (~5fg per cell; Supplementary Fig. 9b(i)). The conditioned
medium from MMP13-containing microgels, after release for
1 day, showed an equivalent collagenase activity (Supplementary
Fig. 9b(ii)) to the medium from TNF-a-treated, gel-coated MSCs
treated with 1mM APMA (Fig. 2c). However, i.t. administra-
tion of 100,000 protein-loaded microgels per 20g mice after 3
weeks of bleomycin treatment failed to reduce collagen deposition
(Supplementary Fig. 9¢(i)) or immune cell infiltration in the airways
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(Supplementary Fig. 9c(ii—iv)). Thus, TNF-a or MMP13-loaded
microgels alone are not sufficient to resolve fibrotic injury. Together,
specifically defined chemomechanical cues enable MSCs to acceler-
ate the resolution of fibrotic phenotypes as predicted by the math-
ematical model.

Discussion

Success in some cell-based therapeutics depends on both fun-
damental understanding of how microenvironmental properties
impact cellular functions and development of approaches to con-
trol these properties around donor cells. In this study, we show an
approach where engineered gel coating is leveraged to specify che-
momechanical cues for donor MSCs as a means to augment their
ability to treat aberrant tissue remodelling after fibrotic injury.
Specifically, we provide experimental evidence that cell therapy
can be rationally designed by defining both soluble and insoluble
signals, which together enhance the production of interstitial col-
lagenases by MSCs—conformal gel coating of individual MSCs can
then be used to locally present these signals after tissue delivery.
Mechanistic studies support a mathematical model that informs
strategies to optimize the effect of MSCs when delivered in different
stages of fibrotic injury.

While previous studies tested therapeutic effects of MSCs
from a standard plastic culture in animal models of fibrotic
lung injury, they showed variable outcomes’. In fact, only two
studies administered MSCs after at least 1 week***—consistent
with these studies, we show that MSCs without gel coating show
limited efficacy when delivered 1 week after bleomycin treat-
ment. Our combined mathematical modelling and experimen-
tal approaches show that therapeutic efficacy of MSCs probably
depends on a number of parameters, including the level of host
TNF-q, sensitivity of donor cells to TNF-a—ligand binding, and the
maximum production rate of soluble interstitial collagenases, all of
which may have contributed to variable outcomes from previous
studies. Our results show that engineered gel coating can be used
to optimize these parameters to improve MSC-based therapeutics
against fibrotic lung injury.

Our work demonstrates that soft matrix potentiates the ability
of MSCs to respond to TNF-a, which results in increased down-
stream production of soluble interstitial collagenases by activat-
ing JNK. TNF-a-induced JNK activation is known to be mediated
by TNF receptor- associated factor 2 (TRAF2)", which was iso-
lated biochemically as a complex of TNF receptor 2 (TNFR2)*.
Hydrogels present cells with cytokines in a matrix-bound form,
thereby activating receptors that may be less potently engaged by
ligands in a free-soluble form, such as TNFR2*. Hydrogel stiffness
can potentially impact TNF-a-mediated activation of MSCs either
by influencing ligand mobility™, or regulating receptor activation®'
or internalization®’. Miniaturing a bulk gel into thin gel coating
reduces material-to-cell volume ratios, which may further influence
cell membrane fluidity and mobility of receptors. Our results high-
light the importance of biomaterial design in sensitizing the activa-
tion of MSCs by a specific inflammatory signal to promote normal
tissue remodelling as an adaptive response.

Cells possess tactile mechanisms that enable them to interpret
properties of the surrounding matrix and subsequently control its
turnover™. Gel coating presents MSCs with tactile matrix signals
without a need for cells to cross endothelial or epithelial barriers to
contact the ECM in the interstitium, so that they can be poised to
remodel the host matrix via paracrine secretions. This strategy is
also suitable to control physical contact of donor cells with host tis-
sues before repair or regeneration. To study the impact of specifically
defined chemomechanical cues in vivo, we focused on using the gel
formulation to keep cells within gel coating, which are then cleared
by the host without engraftment. Gel coating can further be modi-
fied to tune gel degradation® or fast stress relaxation™ properties,
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and to introduce additional chemical modifications for delayed
clearance™, followed by evaluation of their impact on both treat-
ing aberrant tissue remodelling and engraftment of donor cells to
host tissues.

Bacterial collagenases have been clinically approved for
Dupuytren’s contracture” and Peyronie’s disease™, but their safety
and clinical utility in aberrant tissue remodelling remain unclear,
thus highlighting the importance of further developing tissue mod-
elling therapies. Although we show that the donor MMP13 and the
host TNF-a are necessary for gel-coated MSCs to inhibit fibrotic
injury, delivering catalytically active MMP13 alone or together with
TNF-a via microgels was not sufficient to resolve fibrosis. These
results suggest the possibility that resolution of fibrosis requires
not only degradation of the fibrotic matrix but also restoration of
a healthy matrix. Gel-coated MSCs may thus exert a dual function
by degrading the fibrotic matrix via soluble collagenases and con-
tributing to the restoration of the matrix, for example, by provid-
ing nascent matrix molecules™. In addition, it is possible that more
sustained degradation of the fibrotic matrix by controlled delivery
of collagenases may be necessary to resolve fibrosis—one way to
achieve this goal is by sulfation of alginate gels to mimic heparin
sulfate® that is known to bind to a number of MMP isoforms®'. In
addition, understanding how MMPs from donor cells are delivered
to the interstitium, as a function of routes of administration, will
help refine the mathematical model to predict their efficacy in aber-
rant tissue remodelling of different organs. Together, our results
suggest a feasible approach that leverages mechanomedicine to get
closer to the goal of predictively programming cellular functions for
desired therapeutic outcomes.

Methods

Cell culture. Clonally derived D1 mouse MSCs of bone marrow origin were
purchased from American Type Cell Culture (ATCC, CRL-12424). Primary
mouse bone marrow MSCs were derived from C57BL/6] mouse donors (Cyagen,
MUBMX-01001, 8- to 10-week-old male; mD1: from year 2018, mD2: from

year 2019, mD3: from year 2021). Primary human bone marrow MSCs were
derived by plastic adherence of mononucleated cells from human bone marrow
aspirate donors (Lonza, 1M-105; hD1: 28-year-old male, hD2: 34-year-old male,
hD3: 30-year-old male, hD4: 33-year-old male). All cells were cultured at 37°C
in 5% CO,. D1 and primary mouse MSCs were cultured in complete media
composed of high-glucose Dulbecco’s modified Eagle medium (DMEM; Thermo)
supplemented with 10% volume/volume (v/v) foetal bovine serum (FBS; S11550,
Atlanta Biologicals), 100 units per ml penicillin—100 pgml™ streptomycin and
2mM GlutaMAX (Thermo). Human MSCs were cultured in a-minimal essential
medium («MEM; Thermo) supplemented with 20% v/v FBS, 100 units per ml
penicillin—100 pg ml™* streptomycin and 2 mM GlutaMAX. Cells were passaged
when they reached ~80% confluence in a 175 cm? flask by detaching with
trypsin-EDTA (Thermo). D1 mouse MSCs with passage number less than 13,
primary mouse MSCs with passage number less than 10 and primary human MSCs
with passage number less than 4 were used for this study.

Soluble inflammatory mediators. The following soluble inflammatory mediators
were used to stimulate cells and purchased from Peprotech: TNF-a (human: 300-
01 A, murine: 315-01 A; 100 ngml~"), IFN-y (human: 300-02, murine: 315-05;
100ngml™') and IL-1p (human: 200-01 B, murine: 211-11B; 100ngml™"). LPS
(from E. coli O111:B4; 2,000 ng ml~") was purchased from Sigma (L2630).

Inhibitors of signalling pathways. The following chemical inhibitors were used
to inhibit signalling pathways while cells were stimulated with TNF-« or IL-1f
for 3 days, and purchased from Cayman Chemical: SB203580 (13067, 10 pM) to
inhibit p38 MAPK, SP600125 (10010466, 20 pM) to inhibit JNK, U0126 (70970,
5uM) to inhibit ERK1/2. The stock solutions of the inhibitors were dissolved in
dimethylsulfoxide (DMSO, Sigma) at 10 mM. DMSO (1:500 dilution, or 28 mM)
was used as a control.

Alginate-RGD preparation. Sodium alginate with ~240kDa molecular
weight (LF200) was purchased from FMC Biopolymer. An integrin-binding
peptide consisting of Arg-Gly-Asp (GGGGRGDSP; Peptide 2.0) was
covalently conjugated to alginate by 1-ethyl-dimethylaminopropyl (EDC) and
N-hydroxysulfosuccinimide (Sulfo-NHS) (Thermo) chemistry with ~60 pM as
described previously”. After conjugation, alginate-RGD was dialysed against
decreasing concentrations of NaCl, charcoal-treated, filter-sterilized and
lyophilized. Lyophilized alginate was stored in —20°C and dissolved in DMEM
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within 1 week before experiments. The amount of RGD conjugated to alginate was
quantified by the LavaPep kit (LP-022010, Gel Company) as described®, which is
based on a naturally occurring fluorescent compound that binds to lysine, arginine
and histidine residues in peptides*. After reacting the compound with RGD
standard solutions dissolved in unconjugated 1% w/v (41.7 uM) LF200 alginate and
1% w/v alginate-RGD samples for 1h at 37 °C, fluorescent signals were acquired

by FlexStation 3 (Molecular Devices) at excitation/emission = 540/630 nm. To
visualize alginate gels by fluorescence, a small amount (final w/v=0.025% or
2.085pM) of 10/60 alginate (~120 kDa; FMC Biopolymer) coupled with lissamine
rhodamine B ethylenediamine (Thermo) was added before gel formation.

Cell encapsulation in bulk alginate-RGD hydrogels. Cells were resuspended in
1% w/v (41.7 uM) LF200 alginate-RGD in DMEM and rapidly mixed with calcium
sulfate by syringes. Calcium sulfate (Sigma) with final concentrations of 10 or
30mM was used to form the soft or stiff bulk hydrogel, respectively. The mixed
solution was deposited between two glass plates with 1-mm thickness. After 1.5h,
hydrogels were punched into 5-mm-diameter discs and cultured in a 96-well glass
bottom plate (P96G-1.5-5-F, MatTek) in the complete media.

Microfluidic device fabrication. Microfluidic devices were fabricated using soft
lithography. To develop a photoresist, SU-8 3025 (MicroChem) was deposited onto
a silica wafer to a defined height and cured by ultraviolet light exposure through

a transparency mask (CAD/Art Services) for patterning. Polydimethylsiloxane
(PDMS) (Dow Corning) was then mixed with a crosslinker at a ratio of 10:1,
degassed, poured and cured for at least 3h at 65°C. The cured PDMS was peeled
off the wafer and bonded to a glass slide by oxygen-plasma treatment of both
surfaces. Microfluidic channels were then treated with Aquapel (PPG Industries)
and dried. Polyethylene tubing (inner diameter: 0.38 mm; outer diameter 1.09 mm)
and 27 G X 1/2 needles were used to connect microfluidic channels to syringes
(Becton Dickinson).

Single-cell encapsulation in alginate gel coating. As described previously*>*,
CaCO; nanoparticles (CalEssence; 900 nm diameter) were resuspended in the
complete DMEM and dispersed by sonication with Vibra Cell sonicator at

75% amplitude for 1 min. The nanoparticles were then centrifuged at 50g for
5min to discard larger aggregates, followed by 1,000g for 5min for collection.
Purified CaCOj; nanoparticles were resuspended at 6 mgml~" with serum-free
DMEM media. Cells were then incubated with CaCO, at 1:1 by rotation at

room temperature for 1 h. Excess CaCO, nanoparticles were then washed out by
centrifugation. The aqueous phase was prepared by resuspending CaCO,-coated
cells in the buffer consisting of DMEM with 50 mM HEPES, 10% v/v FBS, 100
units per ml penicillin—100 pg ml~' streptomycin at pH 7.4, and mixing cells
with 1% w/v (41.7 uM) LF200 alginate-RGD solution. The oil phase consisted of
fluorinated oil (HFE-7500; 3 M) with 13 mM perfluoropolyether (PFPE, Miller
Stephenson) as a surfactant and 5.3 mM acetic acid (Thermo) as an initiator of
Ca?* release from CaCO,. The aqueous and oil phases were injected into the
droplet microfluidic device. The device with channel height of 15 pum and width
of 20 pm was used. The flow rate of the aqueous phase was set to 1 plmin~', while
the flow rate of the oil phase was set to 3 ulmin~'. Emulsion was collected every
20 min followed by 40 min rotation at room temperature. The emulsion was then
broken by the addition of 453 mM 1H, 1H, 2H, 2H-perfluoroctanol (Alfa Aesar).
Gel-coated cells were washed twice with serum-free DMEM before downstream
experiments. Alginate-RGD microgels without cells (~20 pm in diameter) were
synthesized by using the aqueous phase consisting of 1% w/v alginate-RGD
solution mixed with 4.8 mgml~' CaCO,.

Mechanical characterization of hydrogels by atomic force microscopy. To
determine Young’s modulus (E) of bulk alginate hydrogels, a gel disc of 5mm

X 1 mm was first placed onto a PDMS mold on a glass slide and immersed in

a drop of DMEM. To determine E of the alginate gel coating after single-cell
encapsulation, gel-coated cells were immobilized on a glass side pre-coated with
0.1 mgml~" of poly-L-lysine for 2h. The sample was then placed in an MFP-
3D-BIO system (Asylum Research) to perform indentation analysis with a silicon
nitride cantilever with an 18° pyramidal tip (MLCT, Bruker). A spring constant

of the cantilever was determined from thermal fluctuations at room temperature
(80-100mN m™) before each analysis. A fluorescent microscope was used to bring
the cantilever to the gel coating surface. Indentation was then performed in contact
mode with 500 nm force distance and 1 pms~! velocity until trigger voltage (0.5V)
was reached, followed by retraction. To calculate E, force-indentation curves were
fitted to the Hertzian model and Poisson’s ratio=0.5 by using MFP-3D software
(14.48.159, Asylum Research).

Characterization of TNF-« diffusion and retention in gels. One soft or stiff
bulk alginate gel disc (5mm diameter X 1 mm height) or 100,000 soft alginate
microgels (~20 pm diameter) without encapsulated cells were added to each well
in a 96-well plate. To measure the extent of TNF-a diffusion into gels, each sample
was incubated in Fluorobrite DMEM (Thermo) with 100 ng ml~' murine TNF-o
for 8 and 24h, followed by washout with DMEM and digestion with alginate lyase.
To measure the extent of TNF-a retention in gels, each sample was incubated with

100 ng ml™ murine TNF-a for 24 h, followed by washout and incubation without
TNF-a for 0, 24 and 72 h—at each time point, gels were washed and digested.
Murine TNF-a enzyme-linked immunosorbent assay (ELISA kit, 900-K54,
Peprotech) was used to quantify the amount of TNF-a in gel digests and total
TNF-o input against the standard curve.

Confocal imaging to measure cell and gel coating volumes. Cells in gels were
incubated with 2 uM calcein AM for 1h to stain cytoplasm. Samples were then
washed with Hank’s balanced salt solution (HBSS) and maintained in Fluorobrite
DMEM at 37°C in 5% CO, during confocal imaging in the Zeiss LSM 770 system
with a motorized stage and the 20x/0.8 M27 Plan-Apochromat objective. To
analyse cell and gel volume, z-stack images were captured at excitation/emission
of 495/515 nm and 560/580 nm, respectively, along 60—90 um total depth at 0.77um
steps. Imaris (x64 9.3.0, Bitplane) was used to perform 3D reconstruction of
images from each stack. Voxels were generated in red and green signals to
represent gel and cytoplasm, respectively. Thresholding values were set
automatically, showing variations less than 10% across all the images from
different experiments.

Retrieval of cells from gels. Cells in alginate gels were retrieved by digesting
with 3.4 mgml~! alginate lyase (Sigma) at 37 °C for 30 min. Samples were
then centrifuged at 846¢ for 5min and washed twice with HBSS, followed by
downstream analyses.

Cell viability analysis by flow cytometry. Cells were added to the stain buffer
consisting of HBSS with 2 uM calcein AM (Biotium) and 2 uM ethidium
Homodimer-1 (Thermo) for 20 min. LSRFortessa (Becton Dickinson) was used

to acquire fluorescence signals of samples, followed by analysis with the software
Weasel (v.2.7.1; Chromocyte). Percent cell viability was calculated by dividing the
number of calcein* ethidium™ events by the total event number. In some cases,
APC beads (CalibriteTM; Becton Dickinson) with a known number were added in
each sample to calculate an absolute number of viable and dead cells.

Measurement of protein phosphorylation by intracellular flow cytometry. D1
mouse MSCs (100,000 cells per sample) in suspension, soft or stiff alginate-RGD
bulk gel were stimulated with either recombinant TNF-« or IL-1f (100 ng ml™!
each) for 20 min. For MSCs in suspension, the LIVE/DEAD fixable Alexa 405
violet dead cell stain (1:1,000 dilution 134955, Thermo) was added 10 min after
stimulation. For MSCs in bulk gels, each gel was rapidly (~1min) digested with
25mM ethylenediaminetetraacetic acid (EDTA) with the violet dye in DMEM,
followed by incubation of the digested solutions on ice for 7 min. Cells were then
washed out with DMEM with 0.1% bovine serum albumin (BSA) and fixed with
4% w/v (1.34 M) paraformaldehyde in HBSS at room temperature for 10 min. After
washing twice with HBSS/0.1% BSA, cells were stained with either phospho-p38
MAPK (Thr180/Tyr182) (clone: D3F9, 4511) or phospho-JNK (Thr183/Tyr185)
(clone: 81E11, 4668) rabbit monoclonal antibody (both from Cell Signaling
Technology) at 1:100 dilution in the staining buffer (HBSS/0.1% saponin/0.1%
BSA) for 2h at room temperature. The samples were then washed out once

with the staining buffer and incubated with the secondary antibody (donkey
anti-rabbit immunoglobulin-y Alexa 546, A10040, Thermo) at 1:400 dilution for
40 min at room temperature, followed by washing out and resuspension in HBSS.
Flow cytometry analysis was done using LSRFortessa (Becton Dickinson). The
sample incubated with the isotype control (rabbit immunoglobulin G, DA1E, Cell
Signaling Technology) was used as a negative control. Signals from live cell (Alexa
405 violet negative) fractions were used for analysis. Median fluorescence intensity
values of Alexa 546 were then used to quantify phosphorylated proteins relative to
unstimulated samples.

Gene expression analysis. Cells were lysed with 1 ml of Trizol reagent (Thermo)
for 10 min. Samples in Trizol were stored at —80 °C if not processed immediately
up to 1 week. Chloroform (200 ul) was added per 1ml of Trizol for phase
separation. Samples were centrifuged for 15min at 14,686g at 4°C. The top layer
containing RNA was collected into a new tube, and then precipitated with 250 pl
of isopropanol and 250 ul of 0.8 M sodium citrate combined with 1.2 M sodium
chloride for at least 15min at 4°C. Samples were then centrifuged at 14,686¢

for 15min at 4°C. The supernatant was removed and the precipitated RNA was
washed with 75% v/v (12.8 M) ethanol (Thermo), followed by centrifugation for
5min at 5,287g at 4°C. After removing ethanol, purified RNA was resuspended
in 15l of RNase-free water (Thermo). NanoDrop spectrophotometer (Thermo)
was used to quantify RNA concentration and quality. Complementary DNA was
obtained by reverse transcription using SuperScript-III reverse transcriptase
(Thermo). For each sample, 50 ng complementary DNA was added to each well in
triplicate, followed by the Power SYBR Green PCR Master Mix (Thermo) or Low
ROX Forget-Me-Not EvaGreen quantitative PCR (qQPCR) Master Mix (Biotium).
qPCR was performed in the ViiA7 qPCR system (Thermo) with QuantStudio 6/7
software (v1.3). Relative gene expression was calculated using the 2-*“* method
by normalizing the cycle threshold (Ct) value of each target gene to that of the
reference gene (mouse Gapdh or human GAPDH). Supplementary Table 1 shows
the list of primers for qPCR.
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Quantification of collagen degradation in vitro. To test collagenase activity

in the conditioned media, 50,000 gel-coated D1 mouse MSCs were cultured in
200 pl complete medium +100ng ml~' murine TNF-« for 3 days at 37°C. Each
conditioned medium (100 pl) was then mixed with 100 ug ml~' DQ-collagen

type I (D12060, Thermo) that generates fluorescence upon degradation and
incubated for 1 day at 37°C+1mM APMA (A9563, Sigma). Fluorescent signals
were then acquired using a PHERAStar microplate reader (BMG LABTECH) with
excitation/emission of 488/520 nm. To visualize collagen degradation relative to
cells, gel-coated or uncoated D1 mouse MSCs were embedded in 1.25 mgml™
collagen-I matrix containing 100 ug ml~' DQ-collagen and cultured in complete
DMEM medium =+ 100ng ml™" murine TNF-a overnight. 1 mM APMA was
added to each sample to completely activate latent MMPs. In some samples, the
pan-MMP inhibitor GM6001 (CC1010, EMD Millipore, 10 pM) was added to

test whether collagen degradation is attributed to MMPs. The fluorescent signal
from DQ-collagen degradation was captured using a Zeiss LSM 770 confocal
microscope under 20x/0.8 M27 Plan-Apochromat objective at excitation/emission
of 495/515 nm. Z-stack images were captured along 40 um total depth at 0.77-pm
steps. Imaris was used for 3D reconstruction of z-stack images, followed by
quantification of total fluorescent volumes per field of view.

Production of recombinant protein-loaded microgels. The aqueous phase
was prepared by mixing catalytically active recombinant mouse MMP13 protein
(105-472aa, 46.5kDa from E. coli, EP014660MO, Lifeome) in 1% w/v LF200
alginate-RGD solution with 4.8 mgml~' CaCO; to form MMP13-loaded microgels
via the droplet microfluidic device as described above. The recombinant murine
TNF-a protein was loaded to either empty or MMP13-loaded microgels by
incubating 50 ng ml~! TNF-a in DMEM with microgels for 30 min to load
~6ngml~ TNF-a, since ~12.5% of TNF-a will be loaded in ~0.4h as shown in
Supplementary Fig. 3b. The amount of MMP13 protein released from microgels
was quantified by incubating 50,000 MMP13-loaded microgels per 200 ul
complete DMEM medium, followed by collecting the media at 4, 24 and 72h.

In parallel, 50,000 gel-coated MSCs per 200 ul complete DMEM medium were
incubated at +100 ngml™ murine TNF-a, and the media were collected at 24
and 72h. Mouse MMP13 ELISA kit (E90099Mu, Lifeome) was used to quantify
the amount of MMP13 protein per microgel or cell. Collagen degradation
activity of the conditioned media from MMP13-loaded microgels was measured
after incubating 50,000 gels per 200 ul media for 1 day by DQ-collagen assay as
described above. MMP13 ELISA and DQ-collagen assays were used to titrate
the initial amount of MMP13 mixed in the alginate-RGD solution so that the
maximum amount of MMP13 released per microgel would be similar to the
maximum amount of MMP13 protein released per TNF-a-treated, gel-coated
D1 mouse MSC—this amount was determined to be 0.75ug MMP13 protein
per 200 ul alginate-RGD solution to achieve ~5 fg MMP13 released per microgel
(Supplementary Fig. 9b).

Animal model of bleomycin-induced lung injury. All animal experiments were
performed in compliance with NIH and institutional guidelines approved by

the ethical committee from the University of Illinois at Chicago (ACC number:
18-231). C57BL/6] (000664) and B6;129S-Tnf™!!/] (003008, Tnfa~'~) mice

were purchased from the Jackson Laboratory. Mice (8 to 12 weeks old) were
anesthetized with ketamine/xylazine (50/5 mg per kg), followed by single dose i.t.
administration of bleomycin (0.015U per 20 g mouse) as described previously®.
Bleomycin was diluted in 30 pl PBS and instilled using a 100 pl pipette tip after
exposing the laryngopharynx area of the anesthetized mice. Both nostrils were
temporarily closed to facilitate liquid flow into the trachea. After 1 or 3 weeks

of bleomycin administration, animals received a vehicle (sterile serum-free
Fluorobrite DMEM), 100,000 uncoated MSCs, or 100,000 gel-coated MSCs in 30 pl
Fluorobrite DMEM per 20 g mouse via the i.t. route as done with bleomycin, or
through the i.v. route via retro-orbital injection with a 27 G syringe needle. After 1
week of cell delivery, animals were killed for downstream analyses.

Bronchoalveolar lavage. PBS (1 ml, Thermo) with 2mM EDTA (Sigma) was added
through the trachea and withdrawn by syringe to collect bronchoalveolar lavage
(BAL) fluid. The BAL fluid was centrifuged at 845¢ for 10 min at 4 °C. Isolated cells
were resuspended in 500 ul of PBS with 2mM EDTA. After counting the total cell
number using a haemocytometer with 49 mM crystal violet (Sigma), 70 ul of cells
were deposited onto a glass slide by the Cytospin centrifuge (Thermo) at 294g for

5 min. Kiwi Diff staining kit (9990700, Thermo) was used to stain cells on the slide,
followed by counting the number of macrophages, lymphocytes and neutrophils.

Quantification of hydroxyproline. Lung tissue from each mouse was weighed and
homogenized in 1 ml of water. One hundred microlitres of homogenate was mixed
with 100 pul of 12 M HCl and incubated at 120°C for 3h. An assay kit (MAKO008,
Sigma) was used to quantify hydroxyproline. Ten microlitres of the lysate was
loaded per well in a 96-well plate and dried at 65°C for 1.5h. Chloramine T
oxidative buffer (100 pl, Sigma) was then added to each well and incubated at room
temperature for 5min, after which 100 ul 4-(dimethylamino) benzaldehyde (Sigma)
was added to each well and incubated for 1.5h at 65 °C. Colorimetric signals

were captured at 560 nm absorbance using a plate reader (PHERAstar 3.0, BMG
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LABTECH). The level of hydroxyproline was extrapolated by the standard curve
and the total amount was then calibrated by the weight of the total tissue.

Histology with Masson’s trichrome stain. The lungs were perfused with PBS as
described® to clear blood cells before histological analysis, followed by fixation in
2% w/v (0.67 M) paraformaldehyde (Sigma) in PBS for at least 48 h. Tissues were
then embedded into paraffin blocks and sectioned using a microtome with 5pum
thickness. Slides with tissue sections were baked at 45 °C at least for 2h and washed
with xylene to remove paraffin, followed by rehydration with gradient ethanol:
100% v/v (17M), 95% (16 M) and 75% (12.8 M). Rehydrated samples were then
treated with preheated Bouin’s solution (HT10132, Sigma) for 1h, followed by
Masson’s trichrome staining using a kit (HT15, Sigma) based on the manufacturer’s
protocol. The stained slides were dehydrated by gradient ethanol: 75%, 95%,

100%, and then washed with xylene, mounted and dried for 24 h. The Aperio
ImageScope system (Leica) was used to digitize histology slides. The Orbit Image
Analysis software (version 3.15) was used to quantify histology images by machine
learning as described”. The object training function was used to classify fibrotic
versus normal mass at low magnification and fibrotic versus normal alveoli at high
magnification. Ten representative regions from each normal and bleomycin-treated
lung tissue section were used to train the software. The trained model was then
applied to all of the samples for automated analysis.

Second harmonic imaging microscopy. Imaging was done with second harmonic
generation in the Ultima Multiphoton Microscope System (Bruker) to quantify
collagen fibres and elastin in freshly isolated lung tissue as described*. The
Chameleon Ultra II Two-Photon laser (860 nm) operating at 80 MHz was used to
excite lung tissue. Collagen fibres were visualized by capturing backward scattering
of second harmonic generation through a bandpass 430/24 nm filter. Elastin was
visualized through a 582/22 nm filter. Z-stack images of collagen and elastin signals
were acquired in parenchymal regions (defined as between 20 and 50 pm in depth
from tissue surface) with 1 pm interval via Prairie View software (5.4, Bruker),
followed by 3D reconstruction and quantification of total elastin volume (E,) and
collagen volume (C,) by Imaris. The elastin-to-collagen volume ratio index was
calculated as described®: (E, — C,)/(E,+C,).

Quantification of lung tissue microelasticity. After perfusion of the lungs, 800 ul
of the optimal cutting temperature compound was added through the trachea.

The lungs were then frozen in 4-methyl butane chilled with dry ice and stored at
—80°C for no longer than 1 week. Tissue slices (15 pm) were sectioned with the
HMS525 NX Cryostat (Thermo) and stored at —20 °C for no longer than 24 h before
analysis. After thawing tissue slices at room temperature for 10 min and rinsing
them with PBS, AFM was performed to measure tissue microelasticity with 250 nm
force distance and 0.5 pm s~ tip velocity until trigger voltage (0.5 V) was reached.

RNA interference. Small interfering RNAs were purchased from Thermo Fisher
Scientific as follows: Mmp13 (Assay ID: 155380, AM16708) and scrambled
(Silencer negative control no. 1 siRNA, AM4611). siRNA (4nM) was mixed with
Lipofectamine RNAiMAX transfection reagent (Thermo) for 15 min in Opti-MEM
(Thermo). The mixture was then applied to MSCs and cultured for 1 day before gel
coating. gPCR was used to confirm the knockdown efficiency of each target gene
compared with the scrambled control.

Establishing MSCs that express firefly luciferase. To introduce firefly luciferase
in D1 mouse MSCs, premade lentiviral particles containing mCherry-IRES-Firefly
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.

Tracking biodistribution of MSCs in vivo. One week after bleomycin treatment,
uncoated or gel-coated firefly luciferase expressing D1 mouse MSCs were delivered
via i.t. or i.v. routes. The mice were then i.v. injected with 200 pl of 15 mgml~!
D-luciferin (Syd Labs) in PBS per 20 g mouse at different time points, followed by
bioluminescence imaging with the IVIS Spectrum (PerkinElmer) within 10 min of
D-luciferin injection to measure an average radiance (photons s~ cm™ sr™') in the
lung region using the Living Image software (4.0, PerkinElmer).

Mathematical modelling. A set of differential equations were constructed to
predict the effect of uncoated or gel-coated MSCs on the total collagen level in lung
tissue (Supplementary Text) and numerically solved by using the ode45 function in
MATLAB (R2017a, MathWorks). To simulate the effect of cell delivery 1 week after
bleomycin treatment, the following initial values were used: MSC,=100,000 cells;
Bleo,=0.215Ukg™'; TNF-o,=0.49 ngml~'; MMP, =432 pgml~'; Col,=0.3 pg per
mg tissue. To simulate the effect of cell delivery 3 weeks after bleomycin treatment,
the following initial values were used: MSC,= 100,000 cells; Bleo,=0.0056 Ukg;
TNF-a,=0.2ngml™'; MMP, =432 pgml~'; Col,=0.6 pg per mg tissue.

Statistical analysis. Statistics were performed as described in figure captions.
All statistical analyses were performed using GraphPad Prism version 8.1.0.
Unless otherwise noted, statistical comparisons were made by one-way analysis of
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variance (ANOVA) followed by Tukey’s multiple comparisons test when standard
deviations did not vary between test groups, and by one-way Welch ANOVA
followed by Dunnett T3 multiple comparisons test when standard deviations were
variable. All of the data from biological replicates show normal distribution based
on the Shapiro—Wilk normality test. To compare the mean differences between
groups that have been split on two independent variables, two-way ANOVA
followed by Bonferroni’s multiple comparisons test was used. A P value less than
0.05 established statistical significance.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The main data supporting the results in this study are available within the paper
and its Supplementary Information. The data reported in the figures are available
as Supplementary Information. The raw and analysed datasets generated during
the study are available for research purposes from the corresponding authors on
reasonable request.

Code availability

The codes used to solve ordinary differential equations for the mathematical
modelling of MSC-mediated collagen degradation are available as Supplementary
Information.
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Data exclusions  Inrare cases (<10%) when mice died after bleomycin treatment prior to termination of the experimental protocol, these mice were not
analysed.

Replication All replication attempts were successful. All experiments reported in the main figures were repeated at least 3 times before any conclusion
was drawn.

Randomization  No randomization of mice was done. The mice analysed were litter mates and sex-matched whenever possible.

Blinding The investigators were not blinded to different groups for the in vivo experiments. Data reported for the mouse experiments are not
subjective, as they are based on quantitative methods.
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Antibodies used Phospho-p38 MAPK (Thr180/Tyr182) rabbit monoclonal antibody (clone: D3F9, #4511) and phospho-JNK (Thr183/Tyr185) rabbit
monoclonal antibody (clone: 81E11, #4668) from Cell Signaling Technology. Donkey anti-rabbit IgG Alexa 546 secondary antibody
(#A10040) was purchased from Thermo.

Validation The phospho-p38 MAPK antibody has been cited 1,357 times and the phospho-JNK antibody has been cited 1,114 times, according to
Cell Signaling Technology. The secondary antibody has been cited 49 times, according to Thermo Fisher Scientific.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Clonally derived D1 mouse MSCs of bone marrow origin were purchased from American Type Cell Culture (ATCC,
#CRL-12424). Primary mouse bone marrow MSCs were derived from C57BL/6J mouse donors (Cyagen, #MUBMX-01001,
8-10-week-old male; mD1: from year 2018, mD2: from year 2019, mD3: from year 2021). Primary human bone marrow MSCs
were derived by plastic adherence of mononucleated cells from human bone marrow aspirate donors (Lonza, #1M-105; hD1:
28-year-old male, hD2: 34-year-old male, hD3: 30-year-old male, hD4: 33-year-old male).
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Mycoplasma contamination Cells were tested for mycoplasma contamination, and confirmed to be negative prior to conducting any experiment.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals C57BL/6J (#000664) and B6;129S-Tnftm1Gkl/J (#003008, Tnfa—/—) mice, 8—12 weeks old.
Wild animals The study did not involve wild animals.
Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All animal procedures were performed in compliance with NIH, AAALAC, and institutional guidelines approved by the ethical
committee from the University of Illinois at Chicago (ACC Number: 18-231).
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Methodology

Sample preparation For cell-viability analyses, cells in alginate gels were retrieved by digesting with alginate lyase. Cells in suspension were then
added directly to HBSS containing calcein and ethidium bromide, and incubated at room temperature for 20 min prior to
analysis.
For protein phosphorylaion analysis, cells were labelled with LIVE/DEAD violet (Alexa 405) dead-cell stain prior to fixation and
permeabilization. Permeabilized cells were then stained with the primary antibody against phosphorylated p38 MAPK or JNK
for 2 hr, followed by the anti-rabbit secondary antibody conjugated to Alexa 546 for 40 min prior to analysis.
Further details are provided in Methods.

Instrument BD LSRFortessa with HTS

Software Weasel (Chromocyte)

Cell population abundance No cell sorting was performed.

Gating strategy For cell-viability analyses, events positive for calcein and negative for ethidium bromide were considered live cells. Events

negative for calcein and positive for ethidium bromide were considered dead cells.

For protein-phosphorylation analyses, events negative for Alexa 405 fluorescence were considered live cells. Median
intensity values of Alexa 546 fluorescence were used for quantification.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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Supplementary Text

Modeling MSC-mediated degradation of collagen by interstitial collagenases

We constructed a set of differential equations to model the effect of donor MSCs on collagen levels in
lung tissue challenged by bleomycin (Fig. 5A). We use a simple equation to describe the kinetics of
donor MSCs after i.t. delivery as follows:

aMsc
—dr = (Busc — Amsc)MSC (Eq.1.1)

Busc is the production (or proliferation) rate, while ausc is the death rate of donor MSCs. Based on the
biodistribution kinetics data from i.t. delivery of MSCs (Fig. S7), Busc = 0, and ausc = 0.937/day,
which is equivalent to decay f;2=0.74 day or 17.78 hr.

The kinetics of bleomycin after delivery is described as follows:

dBleo
dt

= -y, Bleo (Eq.1.2)

Qpieo is the clearance rate of bleomycin and set to 0.2505/day or t1» = 2.77 day, starting from 2 day
after bleomycin treatment as described!.

The kinetics of TNFa in the host is described as follows:

dTNFa

- BinfaBleo — apnrq TNFa  (Eq.1.3)

Binra is the production rate of TNFa in the host induced by bleomycin and set to 0.135. aum is the
decay rate of TNFa and set to 0.08. These values are based on the previously described kinetics of
TNFa when a single dose of bleomycin is administered2.

The kinetics of interstitial collagenases is described as follows:

dMMP
dt

= ﬁbasal + ﬁmmpatnfaMSC - ammpMMP (Eq 14)

Brasal is the basal production rate of collagenases by the host and set to 300 pg/mi/day, which is within
the previously described range in lung tissues. Production of collagenases by donor MSCs depends
on two factors: 1. Bmmp: the maximum production rate of collagenases from donor MSCs (varied
during simulation from 0.4 to 4.0); 2. O the dose response of TNFa to activate TNFa receptors on
donor MSCs:

Otnfa = > (Eq.15).

Ktnfa
1+ (TNFa)

, where Kina is TNFa concentration to achieve the half-maximum activation of TNFa receptors and set
to 1 ng/ml as described*. anmp is the degradation rate of collagenases, for instance, by host TIMPs,
and set to 0.693/day or ti» = 1 day as describeds.

The kinetics of total collagen in lung tissue is described as follows:

dCol
T BeoiBleo — §(Col) (Eq.1.6)

Beor is the maximum production rate of collagen induced by bleomycin (Bleo) and set to 0.22 ug/mg
tissue/day starting 1 week after instillation of bleomycin (Fig. S8B, iii) as describeds. 5(Col) is the rate
of collagen degradation based on the Michaelis-Menten equation:
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Col? Qe MMP

ax 2
Col?> + K, K.o1
1+ (Col)

6(Col) =V,

(Eq.1.7).

2

Qcor is the catalytic rate constant of interstitial collagenases and set to 0.02/day or t1» = 34.67 day as
described”. Ko is the concentration of collagen at the half-maximum rate of degradation and set to 25
pg/mg tissue or ~83 UM collagen (assuming tissue density ~ 1 mg/pl and molar mass of collagen =
300 kDa), which is close to the previously described range for MMP1 and MMP138,
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Figure S1. Effects of soluble inflammatory mediators on the expression of MMP isoforms in
MSCs on plastic culture. Effects of control (Ctrl; PBS), TNFa, IFNy, IL1p (100 ng/ml each), and LPS
(2000 ng/ml) after treatment for 3 days on plastic culture on expression (normalized to Gapdh or
GAPDH) of (A) Mmp2in D1 mouse MSCs. n = 3 independent experiments, each performed in three
replicates. (B) (i) Mmp13, (i) Mmp1a, and (iii) Mmp2 in primary mouse bone marrow MSCs. *, (i) p =
(0.6~2.6) x 102, (ii) p = (2.5~4.2) x 103. (C) (i) MMP13, (ii) MMP1, and (iii) MMPZ2 in primary human
bone marrow MSCs. *, (i) p = (0.7~1.3) x 103, (ii) p = (0.8~1.7) x 102. For (B)-(C), n = 3 independent
experiments (from 3 different mouse or human donors), each performed in three replicates, and

individual p-values were derived from one-way ANOVA followed by Tukey’s multiple comparisons
test. All data are shown as mean + SEM.
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Figure S2. Effects of hydrogel elasticity on TNFa-induced expression of collagenases in
primary MSC donors. (A) The concentration of RGD conjugated to alginate (LF200, ~240 kDa, 1%
w/v) measured by LavaPep assay. n = 3 batches. (B) Young’s modulus of soft and stiff bulk alginate-
RGD gels measured by atomic force microscopy. n = 3 independent experiments, each averaged
from six indentations of random regions. (C) Percentage viable (calcein+) cells after encapsulation of
D1 mouse MSCs in soft or stiff bulk gels and culturing for 3 days measured by flow cytometry. n=3
independent experiments, each performed in two replicates. (D) In vitro diffusion kinetics of
exogenously added murine recombinant TNFa (100 ng/ml) into soft or stiff bulk gels determined by
ELISA. One-phase association kinetics fit, t12 = ~0.43hr, plateau = ~22% for both soft and stiff gels. n
= 3 independent experiments, each performed in two replicates, mean + SEM. (E) Effects of TNFa
(100 ng/ml) on expression of (i) Mmp13 and (ii) Mmp1a in primary mouse bone marrow MSCs in bulk
alginate-RGD gels after 3-day treatment in culture. *, (i) p = 4.8 x 102, (ii) p = 3.3 x 102, (F) Effects of
TNFa (100 ng/ml) on expression of (i) MMP13 and (ii) MMP1 in primary human bone marrow MSCs in
bulk alginate-RGD gels after 3-day treatment in culture. *, (i) p = 2.6 x 106, (ii) p= 1.9 x 10-2. For (E)-
(F), n = 3 independent experiments (from 3 different mouse or human donors), each performed in
three replicates, and individual p-values were derived from one-way ANOVA followed by Tukey’s
multiple comparisons test. All data are shown as mean + SEM.
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Figure S3. Effects of engineered gel coating on myofibroblast gene expression and TNFa-
induced collagenase expression in MSCs. (A) D1 mouse MSCs were encapsulated in gel coating
(uMSC), soft or stiff bulk alginate-RGD gels and cultured for 3 days prior to gene expression analysis
of (i) acta2, (ii) actb, and (iii) tgfb1. *, (iii) p = 4.6 x 102; **, (i) p = (0.4~1.1) x 103, (ii) p = (5.8~7.6) x
104, (iii) p = (2.1~9.0) x 105 via one-way ANOVA followed by Tukey’s multiple comparisons test. n =3
independent experiments, each performed in three replicates. (B) In vitro diffusion kinetics of
recombinant murine TNFa into soft bulk gel or soft microgel (~20 um diameter) quantified by ELISA.
One-phase association kinetics fit, t1». = ~0.46hr, plateau = ~26% for both soft bulk and microgels. n=
3 independent experiments, each performed in two replicates. (C) Effects of TNFa (100 ng/ml) on
expression of i) Mmp13 and ii) Mmp1a in primary mouse bone marrow MSCs in soft bulk gel or gel
coating after 3-day treatment in culture. *, (i) p = 4.7 x 102, (ii) p = 3.5 x 10-2. (D) Effects of TNFa (100
ng/ml) on expression of i) MMP13 and ii) MMP1 in primary human bone marrow MSCs in soft bulk gel
or gel coating after 3-day treatment in culture. *, (i) p=9.1 x 105, (ii) p = 6.5 x 10-3. (E) Collagenase
activity in the conditioned media from (i) gel-coated primary mouse MSCs or (ii) gel-coated primary
human MSCs. *, (i) p=5.0 x 104, (i) p=2.1 x 102; **, (i) p = (4.0~9.1) x 106 (ii) p = (1.4~3.2) x 104.
For (C)-(E), n = 3 independent experiments (from 3 different mouse or human donors), each
performed in three replicates, and individual p-values were derived from one-way ANOVA followed by
Tukey’s multiple comparisons test. All data are shown as mean + SEM.
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A Kinetics after instillation of bleomycin
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Figure S4. Characterization of fibrotic lung injury induced by bleomycin. (A) Kinetics of (i)
collagen deposition, and infiltration of (ii) neutrophils, (iii) lymphocytes, and (iv) macrophages in
bronchoalveolar lavage fluid in the first 28 days (4 weeks) after a single dose of bleomycin (bleo)
treatment (0.015U per 20 g mouse). Data points from the no bleo group are fitted to a straight line
with slope = 0. For (i) and (iv), data points from the bleo group are fitted to a one-phase association
kinetics curve with ;2 ~ 2 days from 7-day and initial time points, respectively. For both (ii) and (i),
data points from the bleo group are fitted to a straight line between 0-14 days, and an exponential
decay curve between 14-28 days with t;,~ 3 days. n = 3 animals. Data are shown as mean = SD. (B)
Representative images selected from 9 sections showing automatic selection of fibrotic mass (blue)
from histology sections with Masson’s trichrome staining at low magnification (scale bar =3 mm). (C)
Representative images out of 9 tissue sections showing automatic selection of normal (green) and

fibrotic (yellow) alveoli from Masson’s trichrome stained histology sections at high magnification (scale
bar =200 pum).
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A Decreasing the dose of gel-coated MSCs to 10,000 or 30,000 per 20 g mouse
i) Hydroxyproline ii) Neutrophils iii) Lymphocytes iv) Macrophages
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B Increasing the dose of uncoated MSCs to 500,000 per 20 g mouse
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C Empty alginate-RGD microgels, 100,000 per 20 g mouse
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Figure S5. Characterization of cell dose and microgels in fibrotic lung injury. The experimental
design is described in Fig. 3A. (A) Effects of gel-coated D1 mouse MSCs (uMSC) with lower doses
(10,000 and 30,000 per 20 g mouse) on (i) hydroxyproline levels, and infiltration of (ii) neutrophils, (iii)
lymphocytes, and (iv) macrophages in bronchoalveolar lavage fluid. n = 3 animals for no bleo or bleo
with vehicle (veh), n = 4 for bleo with each tested dose of gel-coated MSCs. (B) Effects of uncoated
D1 mouse MSCs with increased cell dose (500,000 per 20 g mouse) on (i) hydroxyproline levels, and
infiltration of (ii) neutrophils, (iii) lymphocytes, and (iv) macrophages in bronchoalveolar lavage fluid. n
= 1 animal for no bleo, n = 3 for bleo with either vehicle or MSCs. (C) Effects of alginate-RGD
microgels (uGel, ~20 pum in diameter) without cell encapsulation (100,000 per 20 g mouse) delivered
via intratracheal (i.t.) or intravenous (i.v.) route on (i) hydroxyproline levels, and infiltration of (ii)
neutrophils, (iii) lymphocytes, and (iv) macrophages in bronchoalveolar lavage fluid. n = 3 animals for
no bleo and bleo + i.v. uGel groups, n = 4 for other groups. All data are shown as mean + SD.
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A i.t. delivery of primary mouse MSC donors

i) Hydroxyproline i) Elast-to-col ratio Index
< 08 * * * 0.6+ * * *
3 -
£ ‘T. 6 1—= °
oo + 0.4 o
55 06 E. o e - %0 R e
e 0 3 = 0.2 o
o9 2 >
-2 (&) ) °
2E 04 ° . < 0.0 Fo...a50 Sy
z M = 02]
T 0.2 T cJ- (al 0' C:I 0- (;I -0.2 T T T T T T T T
o & O & L L L L L L
IR U i N R ) W@ @ 9@ @ @@
ST eE ey S EEFEEEE
mD1 mD2__ mD3 mD1 mD2 mD3
+Bleo +Bleo
iii) Neutrophils iv) Lymphocytes v) Macrophages
= * * * = * * *% = * *
g 2 n Es Es
0 o o
2 %, 2 X fooop
RN ] ~ ° ~ 0 -‘:
rp R g PO I g5 Tt W
<= o ®
S o L] L ° 8 1 ] . = o °
g o ° . o g-
: M A ¢ I o DT T s
% ol Solem goll Ll L L1
N VI VI VR VR SR ) I N VR VR SR VR R 4] O O U OO OO
F NV EFEEEE F VEFEEEE FVEFEFFEE
O S S Q & Q Q Q & Q Q S
mD1 mD2 mD3 mD1 mD2 mD3 mD1 mD2 mD3
+Bleo +Bleo +Bleo
B i.v. delivery of primary MSCs from a mouse donor (mD1)
i) Hydroxyproline i) Neutrophils iii) Lymphocytes iv) Macrophages
n.s.
* = = RN e |
< 0.8 <05 * E 1 * 5
g £ = 4
£ = —= | S | S
°2 - = E
g5 06 Zo3 « P
X% 2 205 &2
8T £ g g
S g 04 o s s
Z £01 S g
g’ g £ o
. ©
0.2 z o0 >0 So
No Veh MSC uMSC No Veh MSC uMSC No Veh MSC uMSC No Veh MSC uMSC
Beo —  apeo Beo oo Beo oo Bleo ~—  ipeo

Figure S6. Effects of primary mouse MSCs on fibrotic lung injury. The experimental design is
described in Fig. 3A. Treatment 1 week after bleomycin (bleo) — vehicle (veh), uncoated MSCs or gel-
coated MSCs (uMSC) with the dose 100,000 per 20 g mouse. (A) Intratracheal (i.t.) delivery of
primary MSCs from 3 different mouse donors. (i) Hydroxyproline levels [*, p = (0.1~4.5) x 10-2]. (ii)
Parenchymal elastin (E,)-to-collagen (C,) volume ratio index (E, - C\)/(Ey + C,) [*, p= (0.1~4.1) x 10-2].
Quantification of (iii) neutrophils [*, p = (0.2~4.9) x 10-2], (iv) lymphocytes [*, p = (0.3~4.6) x 102; **, p
= 5.0 x 105], and (v) macrophages [*, p = (1.3~2.7) x 10-2] in bronchoalveolar lavage fluid. For (i) and
(iii)-(v), n = 8 animals for each of no bleo and bleo only; n =5 for each of mD1 and mD2 MSC donor;
n =6 for mD3 MSC donor. For (ii), n =5 animals for each of no bleo and bleo only; n = 3 for each of
mD1 and mD2 MSC donor; n = 4 for mD3 MSC donor, each data point averaged from three fields of
view from a lung of each animal. (B) Intravenous (i.v.) delivery of primary MSCs from a mouse donor
(mD?1). (i) Hydroxyproline levels [*, p = (0.9~4.6) x 10-2]. Quantification of (ii) neutrophils [*, p =
(2.1~4.2) x 10-2], (iii) lymphocytes [*, p = (2.4~4.9) x 10-2], and (iv) macrophages [n.s., p> 0.05] in
bronchoalveolar lavage fluid. n = 3 animals for no bleo, n = 5 for other groups. Individual p-values

were derived from one-way Welch ANOVA followed by Dunnett T3 multiple comparisons test. All data
are shown as mean + SD.
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Figure S7. Effects of gel coating on in vivo residence of firefly luciferase-expressing MSCs in
the lungs. Kinetics of MSCs after (A) intravenous (i.v.) and (B) intratracheal (i.t.) delivery, based on
average radiance (photons/sec/cm?/sr) in the lung region. Inlet: representative bioluminescence
images. Data are fitted to an exponential decay curve. Quantification of each kinetics data set in
terms of (C) half-life [*, p = 4.9 x 104], (D) plateau [*, p = 2.5 x 10-2], and (E) total area under curve [,
p=1.7 x 10-3]. p-values are derived from two-tailed unpaired T-test with equal SD. n = 4 animals for
i.v. groups, n =7 for i.t. uncoated MSCs, n = 8 for i.t. gel-coated MSCs. All data are shown as mean +
SD.
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A Mmp13k.d. efficiency B Modeling response to bleomycin
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Figure S8. Understanding mechanisms behind therapeutic efficacy of gel-coated MSCs in
fibrotic lung injury. (A) siRNA knockdown efficiency of Mmp13in D1 MSCs relative to scrambled
(scr) siBRNA. n = 3 independent experiments, each performed in three replicates. (B) Simulation
results showing kinetics of (i) bleomycin (U/kg) after administration, (ii) TNFa in bronchoalveolar
lavage fluid (BALF, ng/ml), and (iii) total collagen (ug/mg tissue). For (iii), experimental data from 3
animals are also shown. Mean + SD.
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A TNFa retained in microgels B Loading of MMP13 protein to microgels
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C MMP13 and TNFa-loaded microgels in fibrotic injury
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Figure S9. Effects of alginate microgels loaded with recombinant proteins on fibrotic lung
injury. (A) Quantification of recombinant TNFa retained in alginate-RGD microgels (~20 um diameter)
after incubation of TNFa (~65 ng/ml) for 1 day, followed by washout and incubation in culture for 3
days. n = 3 independent experiments, each performed in two replicates, mean + SEM. (B)
Characterization of alginate-RGD microgels loaded with catalytically-active mouse MMP13 proteins.
(i) In vitro mouse MMP13 protein release kinetics determined by ELISA. One-phase association
kinetics fit, (112, plateau) values for MMP13-loaded microgels (uGel): (4.3 hr, 5.0 fg/gel), gel-coated
MSCs with TNFa (uMSC + TNFa): (30.7 hr, 4.8 fg/cell), gel-coated MSCs without TNFa (uMSC -
TNFa): (8.9 hr, 1.25 fg/cell). (ii) Collagenase activity of MMP13-loaded microgels. The media were
collected from MMP13-loaded microgels (50,000 gels per 200 ) for 1 day, followed by mixing with
fluorogenic collagen-1 substrate (DQ-collagen, 100 pg/ml) and incubating for 1 day before readout.
The dotted line indicated a background level from a complete DMEM. n = 3 independent experiments,
each performed in two replicates, mean + SEM. (C) Effects of alginate-RGD microgels loaded with
TNFa or MMP13 proteins (100,000 per 20 g mouse) on (i) hydroxyproline levels, and infiltration of (ii)
neutrophils, (iii) lymphocytes, and (iv) macrophages in bronchoalveolar lavage fluid. Microgels were
i.t. delivered 3 weeks after bleomycin treatment, followed by readout after 1 week of microgel
treatment. n = 3 animals for no bleo, n = 5 for bleo with each treatment group, mean + SD.
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Table S1. Primer sequences for quantitative PCR

Target Sequence

Mouse Gapdh F: CTTTGTCAAGCTCATTTCCTGG
(NM_008084) R: TCTTGCTCAGTGTCCTTGC
Mouse Mmp1a F: CCAGTTAAACTTGACGCTGC
(NM_032006) R: GAAACTGTGGATGTCTCTGGG
Mouse Mmp2 F: ACCAAGAACTTCCGATTATCCC
(NM_008610) R: CAGTACCAGTGTCAGTATCAGC
Mouse Mmp13 F: TTGATGCCATTACCAGTCTCC
(NM_008607) R: ACATGGTTGGGAAGTTCTGG
Mouse Acta2 F: GTGAAGAGGAAGACAGCACAG
(NM_007392) R: GCCCATTCCAACCATTACTCC
Mouse Actb F: ACCTTCTACAATGAGCTGCG
(NM_007393.5) R: CTGGATGGCTACGTACATGG
Mouse Tgfb1 F: CCTGAGTGGCTGTCTTTTGA
(NM_011577.2) R: CGTGGAGTTTGTTATCTTTGCTG
Human GAPDH F: ACATCGCTCAGACACCATG
(NM_002046) R: TGTAGTTGAGGTCAATGAAGGG
Human MMP1 F: GCACAAATCCCTTCTACCCG
(NM_002421) R: TGAACAGCCCAGTACTTATTCC
Human MMP2 F: ACCCATTTACACCTACACCAAG
(NM_001127891) R: TGTTTGCAGATCTCAGGAGTG
Human MMP13 F: GATGACGATGTACAAGGGATCC
(NM_002427) R: ACTGGTAATGGCATCAAGGG

Supplementary Code. Source code for mathematical modeling. The MATLAB code consists of two
files and were used to solve a set of ordinary differentiation equations for modeling of MSC-mediated

collagen degradation.
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