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Abstract

Cell microencapsulation holds significant promise as a strategy for cellular therapies; however, inadequate survival and
functionality of the enclosed cells limit its application in hemophilia treatment. Here, we evaluated the use of alginate-
based microcapsules to enhance the viability and transgene secretion of human cord blood—derived mesenchymal stem
cells in three-dimensional cultures. Given the positive effects of extracellular matrix molecules on mesenchymal stem cell
growth, we tested whether fibrinogen-supplemented alginate microcapsules can improve the efficiency of encapsulated
factor IX—engineered mesenchymal stem cells as a treatment of hemophilia B. We found that fibrinogen-supplemented
alginate microcapsules (a) significantly enhanced the viability and proliferation of factor IX—engineered mesenchymal
stem cells and (b) increased factor IX secretion by mesenchymal stem cells compared to mesenchymal stem cells
in nonsupplemented microcapsules. Moreover, we observed the osteogenic, but not chondrogenic or adipogenic,
differentiation capability of factor IX—engineered cord blood mesenchymal stem cells and their efficient factor IX secretion
while encapsulated in fibrinogen-supplemented alginate microcapsules. Thus, the use of engineered mesenchymal stem
cells encapsulated in fibrinogen-modified microcapsules may have potential application in the treatment of hemophilia

or other protein deficiency diseases.
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Introduction

Hemophilia B is an X-linked bleeding disorder caused by
human factor IX (hFIX) deficiency that occurs in 1 in
30,000 males.!:2 In the case of severe hemophilia, current
treatment involves the lifelong and costly infusion of
recombinant or plasma-derived factor IX (FIX) protein.3
Gene therapy offers an attractive alternative to current
treatments because FIX expression is loosely regulated,
and tissue-specific expression of a transgene is not required
and the supply of as little as 1% of the physiological con-
centration of FIX has clinical benefits.* Current gene ther-
apy methods involve use of viral vectors for FIX delivery,
which are associated with various safety issues; hence,
development of an alternative method for FIX delivery is
desirable.>7 Here, we evaluated genetically engineered
allogeneic mesenchymal stem cells (MSC) for their poten-
tial use in hemophilia B treatment.

Implantation of cells enclosed in biocompatible, semi-
permeable microcapsules leads to continuous delivery of
therapeutic proteins and protects cells from the host
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immune response.®'* The host genome is not modified, and
most of the microcapsules can be removed should it become
necessary to reverse the treatment. As an additional safety
measure, engineered cells can be thoroughly characterized
for unwanted genetic rearrangements before encapsulation.
To overcome the challenge of engineering cells from each
individual, a universal cell line can be established and
encapsulated in biocompatible microcapsules to be
implanted into patients.

We previously described the use of alginate microcap-
sules enclosing recombinant fibroblasts, or C2C12 and G8
myoblasts, to deliver hFIX in mice."'-1¢ We also demon-
strated that transplanted encapsulated cells play a key role
in the immune response generated by the host against the
transgene.!? It has been indicated that fetal myoblasts do
not elicit the strong immune response to FIX seen in trans-
formed myoblasts and therefore are more suitable for cell
therapies.'? Transplantation of MSCs may also be a feasible
strategy for the treatment of hemophilia B. MSCs are easy
to culture, can be genetically manipulated to secrete bioac-
tive molecules, are susceptible to molecules that modify
their natural behavior, and have an immunosuppressive
effect on immune cells involved in alloantigen recognition
and elimination.!7:18

Biomaterial surfaces mimic the local microenviron-
ment of cells by regulating cell attachment, viability, pro-
liferation, migration, differentiation, and secretion of
proteins. Alginate, the most commonly used biomaterial
for cell encapsulation, does not provide sufficient cues for
cell-matrix interactions.'®22 During cell encapsulation,
anchorage-dependent MSCs encounter a lack of attach-
ment and support. Current research in biomaterials and
cell-biomaterial interactions focuses on compensating for
this deficiency by providing the encapsulated cells with a
microenvironment that more closely mimics their natural
environment. One way to improve performance of the
existing biomaterials is surface modification using bioac-
tive molecules, such as native full-length extracellular
matrix (ECM) proteins or the short-sequence peptides
derived from them.?* Optimally modified biomaterials
would mimic the natural physiological environment of the
encapsulated cells (“biomimetic”) and be readily availa-
ble off the shelf. Among potential biomaterials available,
several studies have addressed the significance of fibrino-
gen (a cell adhesion protein) in mediating cell survival,
and different results have been reported, depending on the
cell type used.?-24-26 In this study, we focus on the design
of biomimetic microcapsules for cord blood (CB)-derived
MSCs to monitor their viability, FIX secretion, and dif-
ferentiation in vitro.

The objectives of the present study are (a) to assess the
viability and FIX secretion level of umbilical CB-derived
MSCs in three-dimensional (3D) alginate microcapsules; (b)
to investigate whether by incorporating fibrinogen as a cell
adhesion protein, alginate microcapsules can be manipulated

to increase viability, proliferation, and FIX secretion by CB
MSCs; and (c) to induce differentiation of the encapsulated
CB MSCs in fibrinogen—alginate microcapsules into osteo-
genic, chondrogenic, and adipogenic lineages in order to
examine its effect on cell viability and FIX secretion.

Materials and methods

Cell culture

Umbilical CB was obtained after delivery with the mothers’
informed consent in accordance with the guidelines of the
University of Alberta Health Research Ethics Board. Light
density mononuclear cells (MNC) were separated by
Percoll density gradient centrifugation (Amersham
Biosciences, Uppsala, Sweden) and cultured in Iscove’s
modified Dulbecco’s media (IMDM; Invitrogen,
Burlington, ON, Canada) supplemented with 10% fetal
bovine serum and streptomycin (100 pg/mL) at 37°C in 5%
CO,. After 24 h, nonadherent cells were removed and the
complete medium was replaced, as described previously.?’
MSCs were used in experiments before reaching passage 6.
Flow cytometric analysis showed positive expression for
CD90 and CD105 but not for the hematopoietic markers
CD34 and CD45 (data not shown).

Engineering of MSCs

The pLVX-Puro vector DNA (Clontech, Mountain View,
CA, USA) was engineered with traditional restriction
enzyme techniques to generate a FIX-expressing lentiviral
DNA construct with cytomegalovirus (CMV) promoter.
Viral particles were generated with the Lenti-X Expression
System (Clontech) according to the manufacturer’s proto-
col. Briefly, Lenti-X 293T cells were transfected with the
fourth generation VSV-G packaging DNA and pLVX-FIXI
expression plasmid using Xfect transfection reagent to gen-
erate viable virus particles. Two rounds of freshly produced
viral supernatant were used to transduce CB MSCs (passage
4) for 24 h at a Multiplicity of Infection (MOI) of approxi-
mately 20. Transduced cells were selected with puromycin
(3 pg/mL) (Clontech) after 15 days of incubation.

Cell encapsulation

Medium Viscosity High Guluronate (MVC) ultrapure alginate
was purchased from FMC BioPolymer (Philadelphia, PA,
USA). FIX-engineered CB MSCs were suspended in a fibrin-
ogen-supplemented and nonsupplemented (control) alginate
solution (1.56% alginate) at a concentration of 3 x 10° cells/
mL. Microencapsulation was performed with an electrostatic
encapsulator (Nisco Engineering Inc., Zurich, Switzerland), as
previously described.?® Briefly, cell suspension was pumped
through the electrostatic encapsulator (voltage: 7 kV) at the
flow rate of 0.9 mL/min into a vial containing 1.1% CaCl,
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yielding microcapsules of 400 pm in diameter. Cell-loaded
beads were then washed with saline solution and cross-linked
with poly-L-lysine and with an outer layer of nonsupplemented
alginate. Before encapsulation, human plasma fibrinogen
(Sigma—Aldrich, Oakville, ON, Canada) was added to the
alginate core as necessary at a concentration of 750 pg/mL of
alginate solution, as required.

For the monolayer studies, nonsupplemented (1.56%
alginate) or fibrinogen-supplemented (750 mg fibrinogen/
mL of 1.56% alginate) alginate mixture was placed over the
sterilized coverslips. CaCl, was added drop-wise on the
coverslips in order to gel the alginate. Coated coverslips
were kept under the fume hood overnight and then seeded
with CB-MSC and incubated overnight under normal tis-
sue culture conditions.

Differentiation of human MSCs

For induction of osteogenic, chondrogenic, or adipogenic dif-
ferentiation, encapsulated and nonencapsulated MSCs were
cultured in StemPro Osteogenic, StemPro Chondrogenic,
or StemPro Adipogenic differentiation media (GIBCO
Invitrogen, Burlington, ON, Canada), respectively, and with
appropriate supplements.

Nonencapsulated cells were grown in differentiation
media in monolayer cultures and stained for differentiation
markers. At week 3 of postosteogenic induction and at week
2 of postchondrogenic and postadipogenic inductions, cells
were washed with phosphate-buffered saline (PBS) and fixed
in 4% paraformaldehyde for 10 min. The cells were stained
with Alizarin Red, Alcian Blue, and Oil Red O dyes (Sigma—
Aldrich) for detection of calcium deposits, proteoglycans, and
fat vacuoles as an indication of osteogenic, chondrogenic, and
adipogenic differentiations, respectively. The cells were visu-
alized under an inverted light microscope (Leica DM IL;
Leica Microsystems, Richmond Hill, ON, Canada).

Assessment of viability and proliferation of
encapsulated cells

Viability of encapsulated MSCs was assessed using the
trypan blue exclusion assay. Proliferation of encapsulated
MSCs was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay (Sigma—Aldrich,
Oakville, ON, Canada) according to the manufacturer’s
instructions adapted to encapsulated cells. Briefly, 100 pL
of microcapsules were incubated with 10 pL MTT reagent
in 96-well plate for 3 h at 37°C. After 3 h, when the intra-
cellular punctate (purple precipitate) was clearly visible
under the microscope, the resultant formazan was dissolved
in 100 pL dimethyl sulfoxide (DMSO; BDH Inc., Toronto,
ON, Canada). The plate was incubated in the dark for 3 h at
room temperature and absorbance measured at 562 nm (EL
808 Ultra Microplate Reader; Bio-Tek Instruments Inc.,
Winooski, VT, USA).

F-actin cytoskeleton staining of encapsulated

cells

Encapsulated cells (100 pL of capsules) were fixed in 4%
paraformaldehyde. As indicated in the manufacturer’s
protocol, cells were then washed in prewarmed PBS and
permeabilized by incubation in 0.1% Triton X-100 in PBS
for 10 min, followed by two washes in PBS. Cells were
stained with Alexa Fluor 633 phalloidin (15 pL metha-
nolic stock solution in 200 pL PBS, for 30 min in the dark)
(Molecular Probes Invitrogen, Burlington, ON, Canada)
containing 1% bovine serum albumin to reduce nonspe-
cific background. A sample was analyzed by inverted con-
focal microscopy (Zeiss 510; Carl Zeiss Inc., Toronto,
ON, Canada).

Transmission electron microscopy and
scanning electron microscopy

All transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) studies were done at the elec-
tron microscopy facility at McMaster Children’s Hospital
(Hamilton, ON, Canada). Encapsulated cells were fixed
with 2% glutaraldehyde (2% v/v) in 0.1 M sodium caco-
dylate buffer (pH 7.4). The samples were rinsed twice in
buffer solution, then postfixed in 1% osmium tetroxide in
0.1 M sodium cacodylate buffer for 1 h, and dehydrated
through a graded ethanol (EtOH) series (50%—100%). For
TEM analysis, the final dehydration of the TEM samples
was done in 100% propylene oxide (PO). Infiltration with
Spurr’s resin was done through a graded series of PO:Spurr
2:1,1:1, 1:2, and 0:1 with rotation of the samples in between
solution changes. The samples were transferred to embed-
ding moulds that were then filled with fresh 100% Spurr’s
resin and polymerized overnight in a 60°C oven. Sections
were cut on a Leica UCT ultramicrotome (Leica
Microsystems, Richmond Hill, ON, Canada) and picked up
onto copper grids. The sections were poststained with ura-
nyl acetate and lead citrate and viewed in a JEOL JEM
1200 EX TEMSCAN transmission electron microscope
(JEOL, Peabody, MA, USA) at an accelerating voltage of
80 kV. For SEM analysis, after dehydration in 100% EtOH,
some capsules were frozen, fractured, and placed back into
100% EtOH to thaw. Samples were then dried at critical
point, mounted onto SEM stubs, sputter-coated with gold,
and viewed in a Tescan VEGA II LSU scanning electron
microscope (Tescan USA, Cranberry Township, PA, USA)
at 20 kV.

FIX enzyme-linked immunosorbent assay

Human FIX antigen in culture media was quantified by an
enzyme-linked immunosorbent assay (ELISA) (Affinity
Biologicals Inc., Ancaster, ON, Canada), as previously
described.!?
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Figure 1. Effect of fibrinogen-supplemented alginate on proliferation of FIX-engineered CB MSCs. Light microscopy images (% 10)
of MSC grown in monolayer at 24 h post culture on (a) nonsupplemented alginate-coated coverslip and (b) fibrinogen-supplemented

alginate-coated coverslip.
FIX: factor IX; CB: cord blood; MSC: mesenchymal stem cell.

Animal studies

All animal procedures were conducted in accordance with the
Animal Ethics Guidelines of McMaster University. C57BL/6
mice were purchased from Charles River (Montreal, QC,
Canada) and maintained at the Central Animal Facility,
McMaster University (Hamilton, ON, Canada). The mice
were anesthetized with isofluorane (Bimeda-MTC Animal
Health Inc., Richmond Hill, ON, Canada) in a small animal
anesthetic machine (Med-Vet Anaesthetic System Inc.,
Toronto, ON, Canada). Each mouse received 2 mL of micro-
capsules intraperitoneally using a G18 catheter.

Statistical data analysis

Analysis of variance (ANOVA) was carried out to determine
whether significant differences existed in the groups of data.
Student’s # test was conducted as a post hoc test to compare the
pairs of data. Differences were considered significant when p <
0.05. Data are expressed as means + standard deviation (SD).

Results

Determining cell-matrix interactions in monolayer

In order to assess the effect of fibrinogen on the morphol-
ogy and proliferation of FIX-engineered CB MSCs, 3 x 106
cells were cultured in monolayer overnight on coverslips
coated with nonsupplemented alginate (control) or fibrino-
gen-supplemented alginate. The presence of fibrinogen
resulted in enhanced proliferation of MSCs (Figure 1).

Assessment of MSC viability and
proliferation in microcapsules

To determine the proliferation and FIX secretion of MSCs in
fibrinogen-supplemented and nonsupplemented (control)

alginate microcapsules, encapsulated cells were cultured in
vitro for 28 days. The MTT assay confirmed that fibrinogen
significantly increased the viability of encapsulated cells
over control capsules (Figure 2(a)). The trypan blue assay
showed no significant difference on day 1 (82% in the con-
trol group and 79% in the fibrinogen-supplemented group).
Viability dropped to 55% by day 28 in control microcap-
sules but remained high (72%) in fibrinogen microcapsules.
Additionally, an MTT assay confirmed that cell prolifera-
tion was significantly higher in fibrinogen—alginate micro-
capsules than in alginate microcapsules throughout the 28
days and was 35% higher on day 28 (Figure 2(b)).

FIX secretion from encapsulated cells

Aside from stable proliferation, a sustained FIX secretion is
of paramount importance. Consistent with the significantly
higher viability and proliferation of MSCs, incorporation of
fibrinogen in the alginate matrix resulted in higher FIX
secretion from the encapsulated MSCs throughout the
experiment, as measured by ELISA. The average FIX
secretion from fibrinogen-supplemented device was above
4000 ng/mL (capsules/24 h) during the first 2 weeks of in
vitro growth (Figure 3). In agreement with the trend in cell
proliferation (Figure 2), FIX secretion dropped to above
2000 ng/mL (capsules/24 h) in cells in fibrinogen—alginate
microcapsules and to ~1000 ng/mL (capsules/24 h) in con-
trol microcapsules on day 26 (Figure 3).

Cell-matrix analysis

For an in-depth, 3D look at the cell-matrix interaction, we
examined encapsulated MSCs using confocal microscopy,
TEM, and SEM (Figure 4). As detected by TEM, fibrinogen
cells clearly demonstrated the presence of filopia-like mem-
brane extensions into the surrounding matrix (Figure 4(a) and
(b)), which were lacking in control microcapsules (Figure
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Figure 2. Viability and proliferation of CB MSCs: (a) the effect of fibrinogen—alginate microcapsules on viability of encapsulated
cells. The ratio of viable cells in fibrinogen-supplemented microcapsules to the viable cells in nonsupplemented microcapsules
was calculated using the MTT assay. (b) Comparison of MSC proliferation in nonsupplemented and fibrinogen-supplemented
microcapsules. The ratio of viable cells per viable cells at day | was calculated using the MTT assay. Data are mean + SD,n = 3,

Student’s t test. *Significant difference from 1.000, p < 0.09.

CB: cord blood; MSC: mesenchymal stem cell; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; SD: standard deviation.

4(c) and (d)). However, SEM and confocal analysis did not
reveal significant differences between both groups in terms of
morphology or F-actin staining, SEM: Figure 4(e) and (f) ver-
sus (g) and (h) and confocal: Figure 4(i) and (j) versus (k) and
(1)). Patterns or alignments of cellular filaments were not
detectable in either group of microcapsules by confocal
microscopy (Figure 4(i) to (1)). Furthermore, SEM images did
not show any obvious differences in cell morphology between
either types of microcapsules (Figure 4(e) to (h)).

Effect of differentiation induction on encapsulated
cell viability, proliferation, and FIX secretion

To investigate the effect of viral transduction on the differ-
entiation potential of MSCs, FIX-engineered MSCs were

grown in monolayer cultures and induced to differentiate
into osteogenic, chondrogenic, and adipogenic lineages.
FIX-engineered MSCs successfully differentiated into
osteocytes within 3 weeks (Figure 5(a)) and chondrocytes
within 2 weeks (Figure 5(b)), but not adipocytes (Figure
5(c)). The lack of adipogenic differentiation was consistent
with the previous reports of CB MSCs.? Comparable dif-
ferentiation properties were observed in nontransduced
MSCs. Our results show that transduction of MSCs with
lentivirus did not affect their differentiation potential.
Furthermore, the effect of the differentiation induction
on cell viability and proliferation was assessed. MSCs in
fibrinogen—alginate microcapsules were cultured in one of
adipogenic, chondrogenic, or osteogenic differentiation
media or in control basal medium. The total numbers of
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Figure 3. FIX secretion by CB MSCs. Comparison of FIX secretion from MSCs in nonsupplemented and fibrinogen-supplemented
microcapsules. FIX secretion was measured using ELISA assay and reported as the amount of FIX (ng) secreted from | mL of
microcapsules in 24 h. Data are means * SD,n = 4.p < 0.05, Student’s t test. *Significant difference: nonsupplemented microcapsules
versus fibrinogen-supplemented microcapsules on each day.

CB: cord blood; MSC: mesenchymal stem cell; FIX: factor IX; ELISA: enzyme-linked immunosorbent assay; SD: standard deviation.

Figure 4. (a to d) Transmission electron microscopy images of CB MSCs encapsulated in (a, b) fibrinogen-supplemented alginate
microcapsules or (c, d) nonsupplemented alginate microcapsules. (e to h) Scanning electron microscopy images of CB MSCs
encapsulated in (e, f) fibrinogen—alginate microcapsules or (g, h) nonsupplemented alginate microcapsules. (i to |) F-actin staining of
CB MSCs encapsulated in (i, j) fibrinogen—alginate microcapsules or (k, [) nonsupplemented alginate microcapsules. Cells were fixed 7
days after encapsulation and processed for electron and confocal microscopy. Bars indicate 2 pm.

CB: cord blood; MSC: mesenchymal stem cell.
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Figure 5. Differentiation potential of FIX-engineered CB MSCs: (a) osteogenic differentiation, (b) chondrogenic differentiation, and

(c) adipogenic differentiation.
FIX: factor IX; CB: cord blood; MSC: mesenchymal stem cell.

viable cells in differentiation media were normalized with
respect to the total number of viable cells in basal medium
(Figure 6(a)). The viability of cells grown in osteogenic
medium was not significantly different from the viability
of cells grown in basal medium and was significantly
higher than cells grown in chondrogenic and adipogenic
media. A similar trend was also observed in cellular prolif-
eration in different media during 28 days in vitro (Figure
6(b)). The low viability and proliferation of encapsulated
cells grown in chondrogenic and adipogenic media suggest
the inability of the proposed fibrinogen—alginate micro-
capsule system to support chondrogenic and adipogenic
differentiations.

The effect of differentiation induction on FIX secretion
was also investigated. During the first 2 weeks of culture,
FIX secretion from encapsulated cells cultured in basal
media was significantly higher than the secretion from
cells grown in osteogenic, chondrogenic, or adipogenic
media (Figure 7). By the third week, consistent with the
differentiation time of MSCs into osteoblast (21 days,
osteogenic differentiation protocol, GIBCO Invitrogen),
FIX secretion from the cells grown in basal and osteo-
genic media was significantly higher than the secretion
from cells grown in chondrogenic or adipogenic media.
The low FIX secretion from cells grown in chondrogenic
and adipogenic media was consistent with the low
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Figure 6. Viability and proliferation of CB MSCs. (a) MSC viability in fibrinogen-supplemented microcapsules cultured in
differentiation media normalized to the viability of cells grown in basal media. (b) Comparison of MSC proliferation in fibrinogen-
supplemented microcapsules grown in basal and differentiation media. Data are means + SD, n = 3.The ratio of viable cells per viable
cells at day | was calculated using the MTT assay. p < 0.05, Student’s t test. *Significant difference test-basal versus test-chondrogenic
and test-adipogenic. **Significant difference test-osteogenic versus test-chondrogenic and test-adipogenic. ***Significant difference

from 1.000.

CB: cord blood; MSC: mesenchymal stem cell; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; SD: standard deviation.

viability and proliferation observed for the cells grown in
these conditions.

Biocompatibility of fibrinogen-supplemented
alginate microcapsules in vivo

To further assess the biocompatibility of the fibrinogen-
supplemented microcapsules, fibrinogen-supplemented
and nonsupplemented alginate microcapsules were injected
without cells intraperitoneally in C57BL/6 mice. All mice
were sacrificed on day 7 post treatment, and implanted

capsules were retrieved and analyzed by inverted light
microscopy (Figure 8). The biocompatibility of both types
of microcapsules was similar. There was no obvious over-
growth around the fibrinogen-supplemented microcap-
sules, suggesting good biocompatibility.

To monitor fibrinogen leakage, 2 mL microcapsules
were suspended in 10 mL PBS, and the regular superna-
tant samples were analyzed for evidence of fibrinogen
using ultraviolet (UV) spectroscopy at 280 nm. As
observed by the UV spectroscopy, fibrinogen leakage was
undetectable throughout the experiment (with a minimum
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Figure 7. FIX secretion of CB MSCs. Comparison of FIX secretion from the MSCs in fibrinogen-supplemented microcapsules
grown in differentiation media (data are means * SD, n = 4). FIX secretion was measured using ELISA. p < 0.05, Student’s t test.
*Significant difference fibrinogen—alginate (basal) versus all other conditions. **Significant difference fibrinogen—alginate (basal) versus
fibrinogen—alginate (chondrogenic) and fibrinogen—alginate (adipogenic). **Significant difference fibrinogen—alginate (osteogenic)

versus fibrinogen—alginate (chondrogenic) and fibrinogen—alginate (adipogenic).
CB: cord blood; MSC: mesenchymal stem cell; FIX: factor IX; ELISA: enzyme-linked immunosorbent assay; SD: standard deviation.

Figure 8. Empty capsules retrieved from mice after 7 days in vivo: (a) nonsupplemented alginate—PLL-alginate microcapsules and
(b) fibrinogen-supplemented alginate—PLL—alginate microcapsules (no significant overgrowth around microcapsules).

PLL: poly-L-lysine.

level of detection of 0.5 pug/mL; data not shown). This is
consistent with the good biocompatibility observed in
mice (Figure 8).

Discussion

The purpose of this study was to investigate the viability,
proliferation, and FIX secretion of engineered CB MSCs
encapsulated in alginate—fibrinogen microcapsules. Previous

studies showed that biomimetic arginine-glycine-aspartic
acid (RGD)-alginate microcapsules improved the long-term
viability and functionality of encapsulated C2C12 myoblasts
but to the best of our knowledge, this is the first time fibrin-
ogen—alginate capsules have been used for the encapsulation
of MSC.3" Our data indicate that incorporation of fibrinogen
enhances cell viability and proliferation, as well as FIX
secretion of MSCs.

The improved proliferation of MSC in fibrinogen—algi-
nate versus nonsupplemented alginate microcapsules is in
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agreement with the results obtained from our monolayer
cultures (Figure 1). Although further studies are required to
analyze the mechanism of cell-matrix interactions, fibrino-
gen may provide matrix cues that the MSCs interact with.
MSC:s are able to attach to fibrinogen through several inte-
grins,’1-33 and it is conceivable that the enhancement of
MSC proliferation and viability observed in this study is
modulated by MSCs interacting directly with fibrinogen.
Integrins activate survival pathways via the phosphoi-
nositide-3-kinase (PI-3-kinase) and mitogen-activated pro-
tein kinase (MAPK) pathways and act as essential cofactors
for MSC stimulation by growth factors.?’ Integrins may
activate the MAPK pathway by either of two cascades, one
of which involves focal adhesion kinase (FAK) and the
other the adaptor protein Shc.26 Karoubi et al.?* reported
that increased viability of encapsulated MSCs in fibrinogen
and fibronectin-supplemented agarose is likely via the Shc
signaling pathway, which is an essential intermediate of the
MAPK cascade.?* It has also been demonstrated that o f;
and osP;, the binding partner integrins of fibrinogen, are
among the few integrins that recruit and activate Shc and,
thus, play a critical role in the survival of adherent MSC.19-20

Improved viability of encapsulated MSCs in fibrinogen—
alginate microcapsules may potentially result from the rein-
duction of the cell-matrix interaction via the activation of
the extracellular signal-regulated MAPK cascade.
Additionally, it was previously reported that once the MSC
reaches local confluence, the rate of proliferation decreases
from log phase growth.>* The acellular regions in nonsup-
plemented alginate-covered coverslips were likely due to
discontinuous and colony-like proliferation patterns.
Conversely, the near homogeneous coverage observed in
fibrinogen—alginate-covered coverslips suggests a better
distribution of cells during proliferation. MSCs were also
more homogenous during growth in fibrinogen—alginate
microcapsules compared to nonsupplemented microcap-
sules (data not shown). The increased dispersal of MSCs
during proliferation may explain, in part, their higher via-
bility and proliferation in fibrinogen-supplemented algi-
nate. Contact inhibition, which slows cell growth, may be
reduced in supplemented microcapsules.’® The filopia-like
extensions observed by TEM in the cells encapsulated in
fibrinogen—alginate may suggest enhanced attachment.
However, such evidence was undetectable by SEM or con-
focal microscopy at the fibrinogen concentration used.

FIX is a clotting factor in the coagulation cascade. Hence,
bioavailability of exogenous FIX and fibrinogen in the micro-
capsules may promote a thrombogenic state, thus posing a
safety concern. However, and despite the accepted risk for
thrombosis in patients with supraphysiological FIX levels,
gene therapy strategies achieving 30 times the normal FIX
level did not cause thrombosis in mice.> Importantly, the
concentration of fibrinogen used in the microcapsules (750
pg/mL) is modest when compared to physiological levels of
fibrinogen (10 mg/mL). Furthermore, fibrinogen is unable to

lead to fibrin formation without a higher bioavailability of
thrombin, and hemophilic mice implanted with myoblasts
secreting similar amounts of FIX in vitro as MSC did not
elicit a thrombotic state, suggesting no additional production
of thrombin.!? Additionally, UV spectroscopy analysis
revealed no detectable leakage of fibrinogen from microcap-
sules. Finally, we established the biocompatibility of the
fibrinogen—alginate microcapsules in mice, with no obvious
signs of cell overgrowth or immune response, thus supporting
the notion that no fibrinogen leaked from the microcapsules.

We have previously reported the therapeutic secretion of
FIX in hemophilic mice implanted with microcapsules con-
taining G8 myoblasts secreting in vitro ~1500 ng FIX/10°
cells/24 h.'3 Of note, this level is comparable to the FIX
secreted by CB MSCs in this study, thus suggesting the
therapeutic potential of encapsulated MSCs. Future in vivo
studies are warranted to determine the potential of encapsu-
lated MSCs in the treatment of hemophilia.

Our differentiation experiments demonstrate that encap-
sulated cells cultured in osteogenic and basal media exhibit
increased viability and proliferation, and consequently
enhanced FIX secretion, compared with encapsulated cells
grown in chondrogenic and adipogenic cultures. Monolayer
studies showed that FIX transduction of CB MSCs did not
affect the multipotency of cells grown in monolayer cul-
ture. Also, CB MSCs differentiated through mesenchymal
lineages only when induced by differentiation media.
Understanding the effect of differentiation induction on
encapsulated cell viability and functionality would allow
modulation of cell differentiation status before implanta-
tion for optimum functionality. We showed that high viabil-
ity, proliferation, and FIX secretion of encapsulated cells
grown in basal and osteogenic media were maintained for
at least 28 days. However, cell viability, proliferation, and
FIX secretion were lower in chondrogenic and adipogenic
cultures, suggesting the inability of the microcapsule sys-
tem to support chondrogenic and adipogenic differentia-
tions. Consistently, it has been reported that cell aggregates
are needed to induce chondrogenic differentiation in MSCs
in 3D cultures.’® Moreover, the low cell viability in adipo-
genic media was predicted from our monolayer differentia-
tion studies (Figure 5) and was expected due to the known
inefficiency of CB MSCs to differentiate into the adipo-
genic lineage.?

Conclusions

Encapsulation of recombinant cells holds significant prom-
ise for treatment of diseases caused by protein deficiencies,
such as hemophilia B. The availability and ease of manipu-
lation of MSCs make them particularly attractive for future
cellular therapies. However, the viability and functionality
of the enclosed cells are still major challenges of cell
encapsulation. Bioactive fibrinogen—alginate microcapsules
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examined in this study enhanced cell viability and FIX
secretion from the enclosed FIX-engineered MSCs.
Moreover, fibrinogen—alginate microcapsules provided an
appropriate environment for osteogenic differentiation.
Fibrinogen—alginate microencapsulation of FIX-engineered
MSCs has potential for cell-based gene therapy of hemo-
philia B and other inherited or acquired protein deficien-
cies. However, further studies should address the
mechanisms behind improved MSC viability and function-
ality, as well as the characterization of the biological inter-
actions of MSCs with the fibrinogen—alginate matrix.
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