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Mesenchymal stem cell (MSC) therapies demonstrate particular
promise in ameliorating diseases of immune dysregulation but are
hampered by short in vivo cell persistence and inconsistencies in
phenotype. Here, we demonstrate that biomaterial encapsulation
into alginate using a microfluidic device could substantially increase
in vivo MSC persistence after intravenous (j.v.) injection. A combination
of cell cluster formation and subsequent cross-linking with polylysine
led to an increase in injected MSC half-life by more than an order of
magnitude. These modifications extended persistence even in the pres-
ence of innate and adaptive immunity-mediated clearance. Licensing of
encapsulated MSCs with inflammatory cytokine pretransplantation
increased expression of immunomodulatory-associated genes, and
licensed encapsulates promoted repopulation of recipient blood and
bone marrow with allogeneic donor cells after sublethal irradiation
by a ~2-fold increase. The ability of microgel encapsulation to sustain
MSC survival and increase overall immunomodulatory capacity may
be applicable for improving MSC therapies in general.

biomaterials | regenerative medicine | MSC | microfluidics | immune
modulation

M esenchymal stem cells (MSCs) have generated significant
interest as potent immune modulators capable of amelio-
rating a number of disease states, including graft-versus-host
disease (1, 2), solid organ and graft rejection (3, 4), and in-
flammatory bowel disease (5). However, translation of preclinical
results to the clinic has been challenging. A number of discrepancies
likely hamper the clinical efficacy of MSC therapies, including the
relatively larger dosage received by animal models compared with
human subjects, potential alloimmune reactions against donor
MSCs, and suboptimal phenotype of MSCs used in clinical settings
(6, 7). Moreover, MSC administration is characterized by a short
in vivo persistence time, during which infused cells transiently affect
the host environment via paracrine factors (8, 9). As such, devel-
opment of strategies that can increase MSC in vivo persistence
without reducing their fitness may improve MSC therapies in gen-
eral and ease translation into clinical settings.

One promising strategy to improve MSC therapies is bio-
material encapsulation. Various biomaterial formulations have
been shown to support and direct MSC phenotype, in both
preclinical and clinical settings (10-15). However, these strate-
gies generally involve encapsulation of MSCs in bulk hydrogels
that preclude their administration in an intravenous (i.v.) context,
which is the preferred clinical route of delivery (7). Furthermore,
the diffusion of relevant biomolecules may be hampered by the
relatively large volume of hydrogel (16). A microfluidic approach
to encapsulate MSCs into a thin, conformal coating of alginate
material, termed microgels, has decreased the size of encapsulates,
improved diffusional transport, and increased in vivo persistence
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after i.v. administration (17), but the therapeutic efficacy of this
approach has been unexplored.

Here, we test the hypothesis that simple modifications to al-
ginate microgels encapsulating MSCs, namely secondary cross-
linking and increasing cellularity of encapsulates, can sub-
stantially augment in vivo persistence without compromising the
diffusion of secreted factors, and thereby boost overall MSC
immunomodulatory function. We used a microfluidic approach
to encapsulate cells to permit i.v. delivery. Spheroid formation
and secondary cross-linking of hydrogel have been shown sepa-
rately to increase transplanted cell survival (18, 19). We tested
the compatibility of these modifications with microgel encapsu-
lates, and subsequently their effect on in vivo persistence, with or
without hostile host immune activity. Finally, a bone marrow
(BM) transplant model was chosen to test the immunomodula-
tory function of encapsulated MSCs. BM transplant is a poten-
tially curative treatment for hematological malignancies, but
allogeneic graft failure is a significant complication, and likely
to be of increasing importance due to the wider adoption of
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HLA-mismatched grafts and reduced intensity conditioning (20,
21). MSC administration has attracted attention in this context,
and while the safety profile of this approach is established, its
efficacy remains in question (22).

Results

Fabrication and Culture of Encapsulated Cells. A mouse mesenchy-
mal stromal cell (mMSC) line was encapsulated into microgels
using a flow-focusing microfluidic device, as described earlier (17)
(Fig. 14). As the ability to cryopreserve and store encapsulated
cells would expedite their use in preclinical and clinical settings,
microgel size and viability of encapsulated cells in freeze-thawed
encapsulated cells were quantified. Microgel morphology and size
appeared unchanged by the freeze—thaw process (Fig. 1B and S/
Appendix, Fig. S1 A and B). Thawed cells exhibited a similar, high
viability as freshly encapsulated cells (Fig. 1C). Thawed cells were
amenable to continued culture and underwent proliferation over
the course of 2 d of culture, forming small multicellular cell
clusters within a thin layer of alginate (Fig. 1 D and E).

As the stability of the hydrogel capsule could limit cell dura-
bility following transplantation, the ability of poly-D-lysine (PDL)
coating, followed by subsequent exposure to soluble alginate to
form alginate-PDL-alginate (APA) constructs, was explored.
Exposure of cell-encapsulating microgels to PDL reduced overall
microgel diameter, due to contraction of the initial gel coating
around cell surfaces (Fig. 1F). APA treatment also reduced the
proliferation of encapsulated cells compared with untreated
microgels, likely due to greater difficulty for cells to remodel
substrates that had received secondary cross-linking (Fig. 1E).
Microgel size reduction was found to vary as a function of PDL
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Fig. 1. Encapsulation of mMSCs into alginate and alginate-PDL-alginate
(APA) microgels. (A) Schematic of encapsulation and subsequent treatments.
Diameters (B) and viability (C) of mMSC-encapsulating microgels before and
after cryopreservation (2-tailed Student’s t test or 2 test). (D) Encapsulated
mMSCs after 2 d of culture. Green, alginate; blue, DAPI. (E) Distribution of cells
per microgel at day 0 and day 2. (F) Fluorescent and bright-field overlay of
encapsulated cell before and after PDL exposure. Green, alginate. (G) Microgel
diameter after exposure to 5-kDa PDL as a function of PDL concentration in
serum-free buffer, except where noted. (H) Half-life of fluorescent recovery of
dextrans after photobleaching. (/) Encapsulated mMSGCs viability with and
without PDL treatment (X2 test). (J) Fraction of mMSCs that remained inside,
produced extensions out of, or egressed from calcium-treated and APA en-
capsulates. Error bars show SD from 2 independent experiments (x° test). *P <
0.05; **P < 0.01. N.S., not significant.
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concentration, and this behavior was observed in both microgels
with an initial diameter of 30 pm as well as larger 50-pm microgels.
The medium in which PDL exposure was performed impacted
microgel shrinkage. In fetal bovine serum (FBS)-supplemented
Dulbecco’s modified Eagle’s medium (DMEM), higher PDL
concentrations were required to reduce microgel size, compared
with PDL exposure in a protein-free Hepes buffer (Fig. 1G). The
fold change in microgel size appeared to be independent of the
initial microgel size (SI Appendix, Fig. S1C) and occurred within
minutes (SI Appendix, Fig. S1D).

To assess how PDL treatment might affect diffusion of soluble
factors in the hydrogel coating, a variation of fluorescence recovery
after photobleaching was performed using fluorescently labeled sol-
uble dextran molecules of different molecular weights within the gels
as model molecules (SI Appendix, Fig. SIE). APA modification did
not preclude diffusion of any of the dextrans tested, and bleached
areas all eventually recovered their fluorescence. PDL treatment did
not significantly affect the half-life recovery of the dextrans, except in
the case of dextrans of the highest molecular weight tested (500
kDa), in which half-life increased by <25% (Fig. 1H).

Finally, the viability of mMSCs encapsulated in APA microgels
as well as the ability of APA treatment to retain mMSCs within
their encapsulation were assessed. All encapsulated mMSCs
exhibited high viabilities, with no significant differences between
APA-treated and untreated encapsulates (Fig. 17). mMSC egress
from or retention within microgels was assessed by embedding en-
capsulates into a collagen hydrogel, to emulate transplantation into
an in vivo environment. Nearly 90% of mMSCs were fully retained
inside APA microgels, with small fractions producing extrusions or
egressing into the surrounding matrix, compared with less than 20%
of untreated controls fully retained inside microgels. Encapsulates
that were exposed to 30 mM calcium to induce stronger calcium-
mediated cross-linking of alginate also exhibited lower levels of
egress than untreated encapsulates (Fig. 17).

In Vivo Residence Time of Encapsulated Cells. We next tested how
increased cellularity and PDL treatment would affect residence time
of iv. infused mMSCs. mMSCs were transduced with a firefly lucif-
erase reporter and subsequently injected bare, encapsulated without
further treatment, with subsequent culture, with APA treatment, or
with culture and APA treatment as multicellular APA (MAPA)
microgels. Recipient animals were imaged 2 h after injection and daily
for 5 d afterward (Fig. 24), and half-life of luminescent signal was
calculated from an exponential decay curve fit (Fig. 2 B-D).
Consistent with prior findings (23), both encapsulated and
bare mMSCs were found predominantly in the lungs after in-
jection (SI Appendix, Fig. S2 A and B). Bare mMSCs were rapidly
cleared with a half-life of less than 2 h, subsequent to the initial
time point, which was taken at 2 h after injection. Further time
points confirm the rapid, exponential decay of bare cells (SI
Appendix, Fig. S2C). However, encapsulation into microgels
significantly increased the cellular half-life. Culturing encapsu-
lated mMSCs to generate multicellular clusters before trans-
plantation did not further increase half-life (Fig. 2B). However,
encapsulated cell clusters treated with PDL to form MAPA
microgels led to a significantly higher residence time after in-
jection (Fig. 2C and SI Appendix, Table S1). The increased res-
idence time was likely not a result of increased cell number, as
equal numbers of cells were administered in MAPA and single-
cell groups, and recipient mice exhibited similar luminescent
signals (SI Appendix, Fig. S2D). The resulting half-life of more
than 50 h constitutes a roughly 5-fold increase over untreated
microgels, and more than an order of magnitude increase over
bare cells. To determine whether this approach was extensible to
other modalities of modifying gel cross-linking, multicellular
microgels were treated with calcium in place of PDL. Similar to
results with PDL, calcium treatment of multicellular microgels
significantly increased residence time compared with untreated
microgels, but the magnitude of this effect was lower than in
MAPA microgels (Fig. 2D). Next, the ability of MAPA mMSCs to
be cryopreserved was tested. Freeze-thawed MAPA encapsulates
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Fig. 2. In vivo persistence of infused mMSCs with different encapsulation

parameters. (A) Luminescent signal of bare and MAPA encapsulates in B6
recipient mice postinjection. Total radiance over time normalized to initial
2-h signal of (B) bare mMSCs (Bare cells), mMSCs encapsulated in alginate
(Single cell enc), or mMSCs encapsulated in alginate followed by pro-
liferation (Multicell enc); and (C) mMSCs encapsulated followed by APA
(Single cell, APA), by proliferation and calcium (Multicell enc., Ca), and by
proliferation and APA (MAPA). Normalized radiance of bare mMSCs in-
cluded for comparison (faded gray). The colors in B and C match x-axis labels
in D. (D) Half-life of signal from infused mMSCs. See S/ Appendix, Methods.
Bare cells, or microgels with single or multiple cells, were subject to a 1-way
ANOVA followed by multiple comparisons (Inset). Other significant testing
was conducted using a 2-way ANOVA with multiple comparisons on ranked
observation or 2-way Mann-Whitney tests. (E) Half-life of primary bare cells
and MAPA encapsulates. *P < 0.05; **P < 0.01. N.S., not significant.

exhibited similar gross morphology and diameters as fresh MAPA
encapsulates (SI Appendix, Fig. S2 E and F) and high viability,
although viability was slightly lower (80%) after 3 d of culture (S7
Appendix, Fig. S2G), likely due to the relative inability of cells to
proliferate in APA treatment encapsulates (Fig. 1E). Further-
more, cryopreserved MAPA encapsulates administered i.v. into
recipient mice immediately after thawing exhibited similar levels
of improved survival as fresh MAPA-encapsulated mMSCs (Fig. 2
C and D), with an average half-life of 56 h. Finally, MAPA en-
capsulation was found to significantly increase residence time of
primary mMSCs as well as primary human MSCs (hMSCs) (Fig.
2E and SI Appendix, Fig. S2H).

To investigate the mechanism of MAPA-mediated prolonged
residence time, collagen I deposition and oxygen tension were
assessed, as hypoxia and matrix deposition have been implicated in
the phenotypic differences between spheroids and single cells (24).
Multicellular encapsulates produced higher levels of collagen I than
single-cell encapsulates (SI Appendix, Fig. S2 I and J). Significantly
lower oxygen tension was observed in multicellular encapsulates,
compared with single-cell encapsulates, but aggregates of cells with
dimensions typical of spheroids (>100 pm) experienced much
greater hypoxia than encapsulates (S Appendix, Fig. S2 K and L).

Host Physiological Response to Administered Cells. Next, the physi-
ological response to infused encapsulated cells was assessed. Re-
cipient animals were killed 2 wk after injection of MAPA mMSCs,
and explanted lungs were stained with hematoxylin and eosin (H&E)
and Masson’s trichrome (Fig. 34). Regions around microgels dem-
onstrated a lack of cellular infiltration and fibrotic deposition. To
assess host response at earlier time points, lungs were explanted 4 d
after injection. Immunostaining for CD68 and C3 revealed the
presence of macrophages and complement activation, respectively, in
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the vicinity of MAPA mMSCs (Fig. 3 B and C). To assess whether
encapsulates may adversely affect pulmonary physiology, an Evans
blue albumin dye assay was performed to quantify pulmonary vas-
cular permeability (Fig. 3D). Only injection with lipopolysaccharide,
but not with either APA encapsulated or bare mMSCs, led to a
significant increase in vascular permeability.

To assess whether macrophages and complement played a role
in clearance, recipient mice were injected with either clodronate
liposomes or cobra venom factor (CVF) before transplants.
Clodronate administration reduced the relative fraction of cir-
culating CD11b™ cells (SI Appendix, Fig. S3A4), while CVF di-
minished serum C3 activation (SI Appendix, Fig. S3B) compared
with wild-type (WT) mice. Bare and MAPA mMSCs were ad-
ministered to mice that had received clodronate liposomes or
CVF, and their luminescent signal was measured over time.
When bare mMSCs were suspended in a protein-free Hepes
buffer, neither clodronate nor CVF appeared to affect the al-
ready short mMSC half-life. MAPA mMSCs exhibited similar,
long half-lives in clodronate or CVF-treated mice, compared
with WT mice (Fig. 3E and SI Appendix, Fig. S3C).

To test the ability of MAPA encapsulation to protect mMSCs
from immune clearance, an innate immune-mediated response di-
rected locally at MAPA encapsulates was generated by incubating
MAPA-encapsulated and bare mMSCs in FBS-containing medium
before injection. Adsorbed xenogeneic proteins have been shown to
promote foreign body responses by increasing macrophage and
complement attachment (25). Unencapsulated cell half-life appeared
unchanged, at ~3 h. The half-life of MAPA-encapsulated mMSCs in
both WT and CVF-treated mice was reduced to roughly 15 h. In this
setting, clodronate administration, but not complement inaction,
significantly increased the half-life of MAPA-encapsulated mMSCs
(Fig. 3F and SI Appendix, Fig. S3D). This finding suggests that
macrophages respond to adsorbed xenogeneic proteins with in-
creased clearance of MAPA encapsulates, although MAPA en-
capsulation still provided substantial protection to the cells.

Next, the ability of encapsulation to extend the half-life of
mMSCs in recipients with a preexisting alloresponse against donor
cells was tested, as MSC therapies will often be dosed multiple
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Fig. 3. Interaction of host immunity and infused mMSCs. (A) H&E (Left) and

Masson’s trichrome (Right) stains of lungs explanted from recipient mice
2 wk after injection of mMSCs encapsulated in APA microgels. Fluorescent
(Left) and transmitted light images (Right) of mMSC-encapsulating APA
microgels explanted and stained for C3 protein (B) or CD68 (C) and DAPI.
Green, alginate; red, C3; yellow, CD68. (D) Evans blue extravasation in pulmo-
nary vasculature permeability. One-way ANOVA, Sidak’s multiple-comparison
test. Half-life of signal from mice that had received infused mMSCs in Hepes
buffer (E) or complete DMEM (F), with or without clondronate or CVF ad-
ministration. (G) Half-life of mMSC in primed B6. mMSC were injected either
bare, in multicellular encapsulates (multicell enc.), or as MAPA encapsulates.
Two-tailed Student’s t test in £, Mann-Whitney test in F, and Kruskal-Wallis
with multiple comparisons in G. *P < 0.05; **P < 0.01. N.S., not significant.
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times. To elicit a preexisting memory T-cell response, B6 mice re-
ceived an initial injection of mMSCs, which were of BALB/c origin
(SI Appendix, Fig. S3E). An in vivo cytotoxicity assay performed
2 wk later using CFSE-labeled BALB/c splenocytes indicated that a
memory T-cell response against cells of BALB/c background had
indeed been elicited (SI Appendix, Fig. S3 F and G). In these
primed mice, encapsulation significantly increased the half-life of
subsequently injected mMSCs compared with bare cells, albeit to
lower levels than in naive WT mice (Fig. 3G and SI Appendix, Fig.
S3H). MAPA modification also significantly increased mMSC half-
life compared with allogeneic mMSCs in unmodified microgels.

Expression of Hematopoietic and Inmunomodulatory Genes. As the
mechanism of MSC therapeutic efficacy has been linked to pro-
duction of immunomodulatory proteins and cytokines (26, 27) and
support of hematopoiesis (28, 29), gene expression of mMSCs
with or without MAPA encapsulation was measured using real-
time PCR. A set of genes related to immunomodulatory factors
associated with MSCs were chosen (I1-6, 11-10, Ccl2, Ccl5, TGF-,
Nos-2, TSG-6, mPGES-2, Cox-2), as well as 3 proteins involved in
MSC regulation of hematopoietic stem cells (SCF, TPO,
CXCL12) (SI Appendix, Table S2). MAPA encapsulation led to
differences in gene expression compared with control cells grown
on tissue culture polystyrene. Ccl5, CXCL12, SCF, and TPO were
expressed at lower levels, whereas encapsulation increased levels
of 1I-10, I1-6, Cox-2, TGF-B, and TSG-6. (Fig. 44). The impact of
APA treatment on gene expression of encapsulated cells was also
assessed. Compared with multicellular encapsulates without APA
treatment, MAPA encapsulates expressed lower levels of
CXCL12 and SCF, and higher levels of Cox2 (Fig. 4B).
Licensing MSCs by exposure to inflammatory cytokines has been
shown to boost their efficacy by up-regulating expression of im-
munomodulatory factors (30). To test licensing in MAPA mMSCs,
gene expression was assessed in mMSCs exposed to TNFa and
IFN-y. Exposure boosted expression of certain genes in both
control and MAPA mMSCs. In particular, Ccl2, CclS5, and Nos-2
levels increased by more than 2 orders of magnitude in both en-
capsulated cells and bare controls (Fig. 4C and SI Appendix, Table
S3). Although significant differences in gene expression existed
between mMSCs licensed on tissue culture polystyrene and in
MAPA encapsulates, overall levels of gene expression correlated
closely upon licensing (Fig. 4C and SI Appendix, Fig. S44). The
influence of encapsulate substrate properties on licensing was also
assessed. Fold change in gene expression upon licensing of mul-
ticellular encapsulates without APA treatment and of MAPA en-
capsulates closely correlated (Fig. 4D), although the overall
increase in gene expression was more pronounced in multicellular
encapsulates, compared with MAPA mMSCs (SI Appendix, Fig.
S4B). Finally, to assess the extent to which cryopreservation may
impact the responsiveness of mMSCs to licensing, gene expression

between fresh and cryopreserved MAPA encapsulates was com-
pared. The fold change of gene expression of the 2 groups strongly
correlated, suggesting that the freeze—thaw process preserved the
cells’ responsiveness to licensing (Fig. 4E).

MAPA Encapsulation with Licensing Boosts Allogeneic Engraftment.
To test the immunomodulatory effect of MAPA mMSCs in vivo,
encapsulates were administered in a competitive BM transplant
model. WT CD45.2 BALB/c mice were sublethally irradiated before
receiving a transplant consisting of an equal mixture of congenic and
allogeneic donor BM, derived from B6-GFP mice and CD45.1
BALB/c mice, respectively. Immediately after donor BM injection,
mMSCs either with or without MAPA encapsulation, as well as with
or without licensing, were introduced into recipient mice (Fig. 54).

Blood and BM from recipient mice were analyzed after 9 d with
flow cytometry to determine engraftment of allogeneic and
congenic donor cells (Fig. 5B and SI Appendix, Fig. S5). Only
coadministration of donor BM with licensed MAPA mMSCs
resulted in a significantly higher fraction of allogeneic CD45 cells,
relative to total donor-derived CD45 cells, in both blood and BM,
compared with controls in which donor BM was injected with
buffer only (Fig. 5 C and D). Whereas only 19% of BM was
composed of allogeneic cells in control mice, mice that had re-
ceived coinfusion of MAPA mMSCs had an average 50% increase
in repopulation with allogeneic cells. The increase in allogeneic-
derived cells in the blood was even higher, with an average in-
crease from 11% to more than 36%. To test interaction between
encapsulation and licensing, a 3-way ANOVA was conducted on
data from pooled blood and BM engraftment. A significant main
effect was found for encapsulation, as well as an interaction be-
tween encapsulation and licensing (SI Appendix, Table S4). The
durability of mMSCs was then correlated with blood and BM al-
logeneic engraftment. Luminescent signal from mMSCs at 1 d
after administration demonstrated a significant positive correla-
tion with blood and BM engraftment (Fig. 5 E and F).

Finally, the abilities of primary mMSCs and hMSCs to in-
crease allogeneic engraftment were tested. Donor BM adminis-
tered with licensed MAPA-encapsulated primary mMSCs increased
allogeneic engraftment compared with administration with a buffer
control or licensed, bare primary mMSCs (Fig. 5G). Administration
with licensed MAPA-encapsulated primary hMSCs did not increase
allogeneic engraftment compared with a buffer control but did
produce higher levels of allogeneic engraftment compared with
bare, licensed hMSCs (Fig. 5SH).

Discussion

Methods to improve MSC therapies are currently of intense in-
terest, due to the promise of MSC therapies to ameliorate a
number of immune and inflammatory-related disease and injury
states. Here, we show that appropriate encapsulation into alginate
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Fig. 4.

Bare mMSC (licensed / unlicensed)

Multicellular (licensed / unlicensed) Fresh MAPA (licensed / unlicensed)

Effects of encapsulation and licensing on mMSC gene expression. Gene expression in MAPA mMSCs, normalized to mMSCs on tissue culture plastic (A)

and in encapsulates without APA treatment (B), all without cytokine licensing. (C) Gene expression of licensed bare mMSCs versus licensed MAPA-
encapsulated mMSCs, both normalized to unlicensed mMSCs grown on tissue culture plastic. (D) Gene expression of licensed multicellular encapsulates,
normalized to unlicensed, compared with licensed MAPA encapsulates, normalized to unlicensed. (E) Gene expression of MAPA mMSCs licensed immediately
after fabrication, normalized to unlicensed, compared with MAPA mMSCs licensed after cryopreservation, normalized to unlicensed. r? in C-E calculated from
Pearson'’s correlation of log transforms. Normality assessed using the D’Agostino—-Pearson test. Gray line shows x = y for reference. *P < 0.05.
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Fig. 5. Effects of MAPA-mMSC on allogeneic engraftment. (A) Schema of
competitive allogeneic transplant. All animals received a 1:1 mixture of
congenic and allogeneic donor BM cells. (B) Representative flow cytometry
plots from BM at 9 d. (C) Percent allogeneic cells in blood (C) and femur (D)
in mice that had received donor BM cells with buffer and various MSC
conditions. Student’s t test with Welch’s correction. Correlation between
luminescent signal from licensed bare or MAPA mMSCs at 24 h and percent
allogeneic cells in blood (E) and femur (F) at 9 d using the nonparametric
Spearman test. The dashed line shows best-fit linear regression and was not
used for statistical testing. (G) Percent allogeneic cells in femur in mice that
had received donor BM cells with buffer; empty APA microgels; and licensed
primary mMSC, bare or MAPA. One-way ANOVA with Sidak’s multiple
comparisons. (H) Percent allogeneic cells in femur in mice that had received
donor BM cells with buffer, licensed bare primary hMSCs, and licensed MAPA
primary hMSCs. One-way ANOVA with Fisher’s least significance difference.
*P < 0.05; **P < 0.01. N.S., not significant.

microgels dramatically extends in vivo persistence of i.v. injected
mMSCs, with multicellular cell clusters encapsulated in APA
microgels prolonging the half-life by more than an order of
magnitude. MAPA encapsulation resulted in longer in vivo per-
sistence relative to unencapsulated cells even in the presence of
macrophage and adaptive immune-mediated immune clearance,
while permitting licensing of encapsulated cells by inflammatory
cytokines. Finally, licensed MAPA mMSCs resulted in greater
repopulation of blood and BM with allogeneic donor cells when
infused with donor BM in a competitive transplant.

Using a microfluidic approach, mMSCs could be encapsulated
into alginate microgels that enabled subsequent culture and cell
proliferation, as well as secondary cross-linking. Cell clusters
could be induced to form from initial single cells simply via
subsequent culture. Importantly, these encapsulates, both with and
without MAPA treatment, could be readily cryopreserved with con-
ventional cryopreservation techniques. Moreover, MAPA encapsulates
used immediately after retrieval from cryopreservation demon-
strated the same level of increased in vivo persistence as fresh
MAPA encapsulates, and possessed similar responsiveness to in-
flammatory cytokines licensing. These results accord with studies
using larger cell encapsulates (31). Cryopreservation is crucial for
MSC therapies for acute injuries and is of considerable interest
from a commercial standpoint.

The results here demonstrate that simple approaches to
modify cellularity and secondary cross-linking of encapsulates
can increase half-life of infused encapsulated cells in the context
of iv. administration, the clinically preferred delivery method

15396 | www.pnas.org/cgi/doi/10.1073/pnas.1819415116

(7). The 2 advances described here, polylysine cross-linking and
cell cluster formation, were shown to separately improve trans-
planted cell survival in other contexts (18, 19, 32). The reduction
of microgel diameter upon polylysine treatment is consistent
with prior observations and may be due to neutralization of
negative charges of the alginate polymer (33). The increased
half-life seen here with PDL treatment may stem from reduced
cell egress and subsequent exposure to hostile mechanical and
immune forces. This effect was not limited to PDL treatment, as
a calcium treatment similarly reduced cell egress and increased
MSC half-life, suggesting that increasing microgel mechanical
strength in general augments cellular persistence. Gel degrada-
tion is unlikely to contribute substantially to cellular clearance, as
cell-free, unmodified microgels have previously been shown to
clear with a half-life of 141 h, much larger than the 12-h half-life
observed with the same formulation of microgels, and would be
expected to increase with further cross-linking (17).

Multicellularity and PDL cross-linking combined produced the
greatest increase in in vivo MSC persistence. MSC spheroids ex-
hibit higher survival when transplanted, with mild hypoxia and
enhanced extracellular matrix secretion implicated in induction of
prosurvival genes (19, 24, 34). Both these factors were observed in
cell clusters here, although the degree of hypoxia was much milder
than in large spheroids. This suggests that the increased survival in
these smaller cell clusters may exploit similar mechanisms. How-
ever, as multicellularity alone without encapsulation in calcium or
PDL~cross-linked microgels appeared to have no effect on in vivo
persistence, it may be that the more rapid effects of mechanical
clearance masks increased survival of multicellular clusters.

MAPA encapsulation led to longer in vivo persistence of mMSCs
relative to unencapsulated mMSCs, even with macrophage-mediated
innate immunity and adaptive immunity clearance. The elicitation of
a hostile macrophage-mediated response would presumably be re-
duced by the adoption of xenogen-free media for MSC culture.
When injected in a protein-free buffer, MAPA-encapsulated mMSC
half-life was unaffected by complement deactivation or macrophage
reduction, suggesting that other mechanisms are responsible for their
clearance. An adaptive immune response was elicited by injecting
allogeneic hosts with mMSCs, which is consistent with prior results
indicating that, despite expressing low levels of MHC molecules,
MSCs still generate alloimmunization in both mice and humans
(35, 36). The ability of MAPA encapsulation to partially protect
alloimmunized MSCs may be useful in therapies utilizing repeated
dosages of allogeneic MSCs.

A single injection of licensed, MAPA-encapsulated mMSCs
significantly increased early engraftment of major MHC-mismatched
BM cells in immunocompetent mice. In a prior study, MSCs
have been shown to increase engraftment of allogeneic donors in
sublethally irradiated hosts, but with repeated injections and a
larger total dosage of MSCs than used in the present study (35).
Here, a single injection at the chosen dose of unencapsulated
mMSCs, even when licensed, did not increase allogeneic en-
graftment compared with buffer controls. The correlation between
mMSC persistence at 24 h and engraftment outcome suggests that
the longer retention of MAPA-encapsulated mMSCs is key to
reduced donor rejection. Licensed, MAPA-encapsulated primary
mMSCs also increased allogeneic engraftment compared with
unencapsulated and buffer controls. Administration with licensed
hMSC MAPA encapsulates, on the other hand, did not increase
engraftment. Although hMSCs may exert immunomodulatory ef-
fects in murine hosts (37), cross-species incompatibility of immu-
nomodulatory proteins may reduce the efficacy of hMSCs in
mouse models. Interestingly, licensed bare hMSCs led to reduced
allogeneic engraftment compared with both buffer and MAPA en-
capsulate administration. Xenogenic MSCs may induce stronger
inflammatory responses compared with autologous and allogeneic
MSCs (38), and may explain the reduced engraftment accompa-
nying bare hMSC injection. The protective qualities of MAPA
encapsulation may have physically separated hMSCs from host
cells, therefore preventing a similar reduction.

Mao et al.


https://www.pnas.org/cgi/doi/10.1073/pnas.1819415116

As unlicensed MAPA mMSCs did not increase engraftment,
licensing was likely necessary to elicit an immunomodulatory
phenotype in mMSCs. Irradiation increases TNFa and IFN-y in
peripheral blood, but at an order of magnitude lower than
concentrations typically used to license MSCs (39). TNFa and
IFN-y exposure appeared to override the differences in gene
expression among mMSCs cultured on tissue culture plastic, as
multicellular clusters in unmodified microgels, and as MAPA
encapsulates, which themselves are likely a result of cellularity
and growth substrate differences (19, 40). However, in response
to licensing, encapsulates in purely alginate microgels displayed
increased up-regulation of immunomodulatory genes compared
with those in APA microgels. The additional cross-linking with
PDL would likely have decreased substrate viscoelasticity, which
has been linked to a more muted response to licensing in encap-
sulated MSCs (41). Nevertheless, the ability of MAPA mMSCs to
broadly adopt an immunomodulatory phenotype upon licensing
supports their usage to reduce dosing and increase efficacy.

The results of this study indicate that biomaterial encapsula-
tion of mMSCs into MAPA microgels substantially increases
in vivo retention, even with innate and adaptive immune clear-
ance mechanisms; and that encapsulated mMSCs could respond
to inflammatory cytokines. Ultimately, this strategy increased the
immunomodulatory mMSC effects in a model of allogeneic BM
transplantation. The work here may lead to improvements in MSC
therapies by reducing dosing and enhancing MSC resistance against
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