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Mesenchymal stem cells (MSCs) therapy is a promising approach for treating inflammatory diseases due to their
immunosuppressive and tissue repair characteristics. However, allogenic transplantation of MSCs induces
thrombotic complications in some patients which limits its potential for clinical translation. To address this
challenge, we have exploited the bioactivity of heparin, a well-known anticoagulant and immunosuppressive
polysaccharide that is widely used in clinics. We have developed a smart layer-by-layer (LbL) coating strategy
using gelatin and heparin polymers exploiting their overall positive and negative charges that enabled efficient
complexation with the MSCs' glycocalyx. The stable coating of MSCs suppressed complement attack and miti-
gated thrombotic activation as demonstrated in human whole blood. Gratifyingly, the MSC coating retained its
immunosuppressive properties and differentiation potential when exposed to inflammatory conditions and dif-
ferentiation factors. We believe the simple coating procedure of MSCs will increase allogenic tolerance and
circumvent the major challenge of MSCs transplantation.

Layer-by-layer coating

1. Introduction

Over the past few decades, there has been an exponential growth in
stem cell research, owing to their unique immunosuppressive charac-
teristics and broad differentiation potential. Stem cells have revolu-
tionized the field of biomedicine and have made a momentous impact on
our approach to treating a range of diseases. Among different types of
stem cells, human embryonic stem cells are the most pluripotent which
could be differentiated into a wide range of cell types. However, it could
not be used to its full potential owing to ethical concerns surrounding
their use [1]. The somatic or adult stem cells, such as mesenchymal
stem/stromal cells (MSCs) though not as potent as the embryonic stem
cells, are identified as an ideal replacement as there are less stringent
ethical concerns to its isolation and use and are exploited for treating a
broad range of diseases and regenerative medicine applications [2].
Despite its phenomenal success in the clinic, MSC transplantation and
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therapy has suffered from adverse pro-thrombotic activity and poor in-
vivo survival. Intravenous administration of MSCs has been reported to
cause pulmonary embolism in mice due to its procoagulant properties
resulting in higher accumulation in the lungs when compared to the
target site [3]. Such thrombotic activity, mediated by the instant blood
mediated inflammatory reaction (IBMIR) has caused serious concerns
about its safety with incidences of death in some patients [4]. In addition
to pulmonary embolism, allograft tolerance after MSCs implantation is
another challenge as the implanted MSCs get injured after infusion by
the complement attack [5]. To overcome this problem, we have
designed a pluronic micelles-based siRNA delivery system that effi-
ciently silenced tissue-factor gene that suppressed coagulation cascade
which significantly improved its survival in human blood and enhanced
its paracrine signaling and differentiation potential [6]. Other strategies
such as grafting heparin-binding peptides [7,8] or cell-penetrating
peptides on the cell surface [9], using PEG phospholipid construct
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conjugation of nanogels on the cell surface [10], using synthetic poly-
mers in combination with natural polymers [11], using photo cross-
linking methods to coat the cells [12], using lipids conjugated heparin
[13] have been successfully studied. A multifaceted approach of coating
the cells with lipids conjugated with a peptide and enzyme that could
regulate the complement and coagulation has also been studied suc-
cessfully [14]. All these successful methods require complex synthesis
steps, either fabricating lipids or nanoparticles or synthesizing peptides
and conjugating them to lipids or exposing the cells to blue light. These
steps could be a hindrance in the translation from bench to clinic.

Lately, layer-by-layer (LbL) self-assembly of polymers has been
developed as a versatile engineering strategy where polymers of oppo-
site charges are coated on biomaterials and living cells to form a
nanosized multilayer biofilm which enhances the biocompatibility and
functionality of encapsulated cells and biomaterials [15]. The single-cell
encapsulation by LbL biofilm of nanoscale thickness protects the cells
from physical damage caused during transplantation and provides a
conducive microenvironment for cell integration. The success of LbL
coating depends on the cationic and anionic charges of the polymer
used. Since cell surface is largely anionic due to the presence of sialic
acid and other glycosaminoglycans, the ionic pair of cationic gelatin and
anionic alginate is most widely used to coat stem cells [16,17]. Other
examples involve gelatin-coating followed by a layer of fibronectin,
which was further encapsulated in a microgel and used in a microfluidic
device to fabricate cardiac tissue [18]. Although, the LbL strategy of
using alginate and gelatin has immensely helped in cell engineering, by
improving the survival, proliferation, differentiation, and also as a
reservoir for growth factor delivery, the pro-coagulant nature of the
coating hampers its clinical use [19]. Thus, there is a pressing need to
develop new cell engineering strategies, that not only provide enhanced
stability and protect against anoikis but also prevent activation of
coagulation cascade while retaining the paracrine activities and differ-
entiation potential.

Here, in this study, we have devised a simple strategy where we coat
the MSCs with polymers to help evade the immune system and reduce
the procoagulant properties of the MSCs. We have used gelatin and
heparin as the two different polymers with which we coated the cells.
The cells were coated with these polymers following an LbL approach
such that there were two layers of gelatin (G) and two layers of heparin
(H). We found that the polyelectrolyte coating of the MSCs suppressed
pro-procoagulant activity in human whole blood and enhanced prolif-
erative activity while retaining the paracrine signaling and differentia-
tion potential of these MSCs.

2. Materials and methods
2.1. Coating solutions preparation

Heparin (H) (Sigma Aldrich, H3393-500KU) 1 % wt/vol was pre-
pared by dissolving the desired amount of heparin in a serum-free cell
culture medium and 0.1 % wt/vol gelatin type-A (G) (Sigma Aldrich,
G2625) solution was prepared separately by dissolving gelatin in the
Dulbecco's phosphate-buffered saline (DPBS) (Gibco, 14190169). The
heparin solution was filter sterilized using 0.22 pm filters, while the
gelatin solution was autoclaved before use.

2.2. Coating of the cells

Human bone marrow-derived mesenchymal stromal cells (hMSCs)
(from 5 different donors) in passage four were cultured in a-MEM
(Gibco, 32561037) supplemented with 10 % FBS, 1 % 1-glutamine, and
1 % penicillin/streptomycin (Sigma P4333) and were harvested when
reached to 60-80 % confluency using the trypsin-EDTA solution.
Approximately, 2 x 10° cells were resuspended in 1 mL of gelatin so-
lution and incubated for 10 min under mild shaking. Cells were centri-
fuged at 500g for 5 min and re-suspended in the heparin solution and
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incubated for 10 min under mild shaking. The two previous steps were
repeated alternatively until the cells were coated with four layers of the
polymers as schematically expressed in Fig. 1A. Ethical approval was
obtained from the Local Ethics Committee, Stockholm, and all the do-
nors provided written consent (DNR 2010/1650 and DNR 2014/51432).

2.3. Proliferation of the cells

Cellular proliferation was measured by AlamarBlue® assay (Fisher
Scientific 10099022). H/G coated MSCs (c-MSCs) and uncoated cells (C)
as control group was seeded in 5000 cells in tissue culture 96 well plates.
After 24 h of culturing the cells, all wells were washed with pre-warmed
DPBS once to remove the free growth factor, and then, the serum-free
culture media without any growth factors was added to the wells.
Cellular proliferation was measured at each time point by reading the
fluorescent intensity at 590 nm using a plate reader (Infinite 200 pro
Tecan). For AlamarBlue® assay, the reagent was added to the cells after
aspirating the medium and washing cells with pre-warmed DPBS for one
time. The cells were incubated for 2 h at 37 °C and 5 % CO;. Then,
samples were read at 590 nm using plate reader model Infinite 200 pro
Tecan.

2.4. Human whole blood compatibility assay

Blood was obtained from healthy volunteers who had received no
medication for at least 10 days prior to blood donation. MSCs or coated
MSCs (c-MSCs) in passage 4 were cultured and coated with gelatin and
heparin. The two groups were exposed to human blood using the
Chandler loop model. The blood-collection materials were coated with
heparin according to the manufacturer's instructions (Corline AB).
Whole blood from healthy donors was collected into heparin conjugate-
coated PVC tubes without any anticoagulants. Then, 3 mL of human
blood were added to prepared tubing loops and supplemented with 100
pL of PBS containing MSCs or ¢-MSCs (1.5 x 10* cells/mL), prepared as
described in the previous section. The tubes were rotated vertically at
30 rpm for 60 min in a 37 °C cabinet. Then, 1.2 mL of blood was
collected from each tube and mixed with 2,2/,2”,2"-(ethane-1,2-diyl-
dinitrilo)tetra acetic acid (EDTA)-K3 solution at a final concentration of
10 mM, and the platelet concentration was analyzed in a Coulter AcT
5diff® hematology analyzer (Coulter Corporation, Miami, FL, USA). The
blood was then centrifuged at 4200g for 15 min at 4 °C, and the plasma
was collected and stored at —80 °C until further analysis by enzyme
immunoassay (EIA) for C3a, sC5b-9, and TAT. Ethical approval was
obtained from the regional ethics committee in Uppsala (#2008-264).

2.5. Measurement of C3a, sC5b-9, and TAT in plasma

Conventional sandwich ELISA was used to measure the C3a, sC5b-9,
and TAT in plasma. For soluble C3a, plasma was diluted in a working
buffer (PBS containing 0.05 % Tween 20, 10 mg/mL BSA, and 10 mM
EDTA). As previously reported, C3a was captured by anti-human C3a
mADb 4SD17.3 and detected by a biotinylated polyclonal rabbit anti-C3a
antibody and horseradish peroxidase (HRP)-conjugated streptavidin.
Zymosan-activated serum, calibrated against purified C3a, served as a
standard. Values are expressed as ng/mL. For sC5b-9, plasma was
diluted in a working buffer. sC5b-9 was captured by anti-human C5b-9
mAb aE11 (Diatec Monoclonal AS, Oslo, Norway) and detected with
anti-human C5 polyclonal rabbit antibody (Dako) and HRP-conjugated
anti-rabbit IgG (Dako). Zymosan-activated serum served as a standard.
The assay was calibrated against a commercially available kit (Micro-
Vue; Quidel Corp, Santa Clara, CA, USA), and values are expressed as
ng/mL. For TAT, plasma was diluted in normal citrate-phosphate-
dextrose plasma. TAT was captured by anti-human thrombin mAb and
detected by an HRP-coupled anti-human AT mAb (Enzyme Research
Laboratories, South Bend, IN, USA). A standard prepared by diluting
pooled human serum in normal citrate-phosphate-dextrose plasma was
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Fig. 1. (A) Schematic representation of the coated MSCs (c-MSCs) with the four alternating layers of heparin (blue) and gelatin (black). Transmission electron
microscopy images of (B) c-MSCs and (C) MSCs. The red arrows depict the presence of coating in c-MSCs and the absence of coating in MSCs. (D) Alamar blue
proliferation assay was performed on the MSCs and c-MSCs at different timepoints depicting the proliferation rates (N = 6). (E) Zeta potential reading was observed

after each layer of coating of the cells with H/G coating (N = 3).
used. Values are expressed as pg/L.
2.6. Evaluation of cytokine release

Briefly, 50,000 cells (c-MSCs and uncoated MSCs) were plated in 24
well plates and cultured for three days and seven days in the conditions
mentioned earlier. For the stimulated groups, the cells were stimulated
with IFNy (100 U/mL) and TNFa (10 ng/mL). For the protein level
cytokine analysis of IL6 and IL8, human IL6 DuoSet ELISA kit (DY206)
and human IL8 DuoSet ELISA kit (DY208) were obtained from R&D
Systems (Biotechne). The manufacturer's protocols were followed for the
experiments. For mRNA level analysis, at the respective time points, the
RNA from the cells were extracted using the RNeasy Mini kit (Qiagen).
The cDNA was then prepared using the Maxima first-strand cDNA kit
(Thermofisher) according to the manufacturer's protocol. The qRT-PCR
was performed with ¢cDNA and TagMan Fast advanced master mix
(Thermofisher). TagMan primer assays for il6, il8, tnf, vegf, hifl and actb
were obtained from Thermofisher. The amplification was done using a
Bio-Rad CFX1000 instrument following a 40-cycle program. Samples
were normalized relative to actb and gene expression analysis was done
following the 2—AACT method.

2.7. Effect of conditioned medium on C28/12 chondrocytes and THP1
cells

THP-1 cells, a human leukemia monocytic cell line was cultured in
RPMI (Gibco, 21875034) with 10 % FBS and 1 % penicillin-streptomycin
at 37 °C and 5 % CO». Briefly, THP-1 one cells were differentiated with
50 ng/mL phorbol myristic acid (PMA; Sigma, P8139) for 24 h at 37 °C
and 5 % CO;. The cells were then treated with 500 ng/mL lipopoly-
saccharide (Sigma) for 24 h at 37 °C and 5 % CO» to make them M1
macrophage-like. The conditioned medium (after 7 days) from the
coated MSCs and uncoated MSCs were exposed to the M1 polarized
THP1 cells. The M1 like THP-1 cells were incubated in these conditions
for a period of 3 days after which this medium was collected and
analyzed by the multiplex bead-based assay as mentioned below.

Protein level analyses were done with the detection of cytokines from
the medium. A bead-based cytokine detection immunoassay from LEG-
ENDplex (BioLegend, Nordic Biosite, 740509) was used to identify the
secreted cytokines following in-vitro cell culture. The cell culture su-
pernatants were collected at the respective time points and stored at
—80 °C before use. The human macrophage/microglia cytokine panel
was used, and the assays were performed following the manufacturer's
protocol. The analysis was done using the LEGENDplex data analysis
software (BioLegend) and the cytokines were quantified by comparing
samples to a set of standards.

Human chondrocytes (C28/12) cells were cultured in DMEM (Gibco,
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10565018) with F12 nutrients, 10 % FBS, and 1 % penicillin-
streptomycin at 37 °C and 5 % CO,. LPS (1 pg/mL) was used added to
the medium to stimulate the chondrocytes for 24 h. Briefly, 35,000 C28/
12 cells were plated and cultured overnight at the conditions mentioned
above. These cells were then stimulated with LPS for another 24 h after
which the conditioned medium from the ¢-MSC and uncoated MSCs
were added to these cells and were cultured for a further 48 h. RNA was
then isolated using the RNeasy Mini kit (Qiagen). The cDNA was then
prepared using the Maxima first-strand ¢cDNA kit (Thermofisher) ac-
cording to the manufacturer's protocol. The qRT-PCR was performed
with ¢cDNA and TagMan Fast advanced master mix (Thermofisher).
TaqMan primer assays for tnf, tgff, il1 and actb were obtained from
Thermofisher. The amplification was done using a Bio-Rad CFX1000
instrument following a 40-cycle program. Samples were normalized
relative to actb, and gene expression analysis was done following the
2—AACT method.

2.8. Osteogenic and adipogenic differentiation of the c-MSCs

In order to investigate if c-MSCs differentiate into different lineages,
an osteogenic and adipogenic differentiation had been carried out in
both ¢-MSCs and uncoated cells as a control group using StemPro®
Osteogenesis (Gibco, Thermofisher, A1007201) and Adipogenesis Dif-
ferentiation Kits (Gibco, Thermofisher, A1007001), respectively as per
manufacturer's instructions. Briefly, the cells were seeded in 24-well
plates for osteogenic and adipogenic differentiation, respectively. Cells
were incubated with prewarmed MSC growth medium at 37 ° C and 5 %
CO overnight and then the medium was changed either with Complete
Osteogenesis or Adipogenesis differentiation medium and cultures refed
every 3 days. After 14 days, Alizarin red S (Sigma) and Oil Red O
(ChemCruz, Santa Cruz Biotechnology) staining were carried out to
confirm osteogenic and adipogenic differentiation. Briefly, for the
osteogenic differentiation, the cells were fixed with 4 % para-
formaldehyde for 15 min. The cells were then washed 3 times with PBS
and then stained with 2 % Alizarin red solution for 10 min. The samples
were then washed 3 times with distilled water and observed under the
microscope. For the adipogenic differentiation, of the cells, the cells
were again fixed with 4 % paraformaldehyde and incubated for 15 min.
The cells were then washed with distilled water (twice) and then 60 %
isopropanol was added just enough to cover the cells completely. The
cells were incubated for 5 min in 60 % isopropanol after which oil red o
working solution is added and incubated for 10-20 min. The cells were
then washed with distilled water 4-5 times until no excess stain is seen.
The cells were then covered with water and then observed under the
microscope (Nikon). For, the qRT-PCR, the RNA from the cells was
extracted using the RNeasy Mini kit (Qiagen). The cDNA was then pre-
pared using the Maxima first-strand cDNA kit (Thermofisher) according
to the manufacturer's protocol. The qRT-PCR was performed with cDNA
and TagMan Fast advanced master mix (Thermofisher). TagMan primer
assays for alpl, bglap, Ipl, pparg and actb were obtained from Thermo-
fisher. The amplification was done using a Bio-Rad CFX1000 instrument
following a 40-cycle program. Samples were normalized relative to actb
and gene expression analysis was done following the 2—AACT method.

2.9. Statistics

The statistical measurements were achieved by comparing each
experimental value with their respective controls or groups. The as-
sessments between the two groups were performed using the ANOVA
and Mann Whitney test as indicated. These tests were performed using
GraphPad Prism Software *P < 0.05 was the statistical significance for
all tests.
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3. Results and discussion
3.1. Encapsulation of MSCs with polyelectrolyte coatings

Herein, we encapsulated MSCs within a stable polyelectrolyte
coating that consisted of two different polymers namely, heparin and
gelatin. The cells were first coated with positively charged gelatin that
would neutralize the net negative charge on the cell surface forming a
stabilized coat. The gelatin layer could then be coated with negatively
charged heparin polymer forming a stable nanocapsule around the stem
cells. The choice of gelatin and heparin offers great advantages as they
are natural biopolymers that are biocompatible and possess diverse
bioactivities. The gelatin-based biomaterial scaffolds are widely used for
tissue engineering applications, especially for designing bioinks for 3D
bioprinting [20]. Hydrogels designed using gelatin derivatives display
immunomodulatory properties and have been shown to suppress
inflammation when tested in inflamed conditions [21]. Heparin, on the
other hand, is a glycosaminoglycan that possesses immunosuppressive
characteristics and is used in clinics as an anti-coagulant. Heparin is a
highly sulphated glycosaminoglycan that binds to several biological
molecules such as cytokines and growth factors [22]. It is also known for
its anti-inflammatory property by inhibiting the activity of the various
immune cells [23-25] suppressing the ability of the neutrophils to
activate the platelets [26] and also assisting in tissue regeneration and
wound healing [27]. Recently, heparin-based nanoparticles have also
been known to cross the blood-brain barrier and target the implanted
tumor in mice models [28]. We anticipated that the outer coat of heparin
on the MSCs cell surface would protect the cells from complement attack
and provide stealth properties, thus mitigating IBMIR and subsequent
immune rejection, which is the major challenge of cell-based therapies.

To establish a stable coating of the cells, we decided to use two layers
of gelatin and heparin (altogether four layers) that would render
enhanced stability. To confirm the efficient coating of the poly-
electrolyte layers, we estimated the charge on the cell surface after each
coating step by measuring the zeta potential of the coated cells using
zeta sizer. As expected, the surface charge of the cells without any
coating was found to be ~—27.2 + 0.8 mV. The addition of the first coat
of gelatin neutralized the surface charge of the cells to ~—5.2 + 1.1 mV
confirming the complexation (resulting in charge neutralization) be-
tween the two polymers (Fig. 1E). The gelatin-coated cells were then
treated with heparin polymer that changes the surface charge of the cells
to ~—31.7 + 0.6 mV. Subsequent treatment of the coated cells with
another layer of gelatin and heparin rendered the net cell surface charge
of ~—6.1 + 1.8 mV and ~—29.2 + 1 mV respectively, indicating suc-
cessful heparin-gelatin polyelectrolyte coating (H/G) on the MSCs (c-
MSCs). To further confirm the successful coating and persistence of the
layers under cell culture conditions, we performed transmission electron
microscopy (TEM) analysis of the c-MSCs and control MSCs after 3 days
of culture. Gratifyingly, we observed nanosized coating of the poly-
electrolyte layers in c-MSCs which were absent in control MSCs (Fig. 1B
& C). The heparin and gelatin coats could be degraded ubiquitously by
the enzymes such as heparanase, and collagenase, respectively that are
abundantly found in inflamed tissues and extracellular matrix [29-31].
However, we believe the coating on the cells would have sufficient half-
life, as recently it was reported that heparin coated iron oxide particles
displayed high circulation in blood up to a period of 14 days [32].

After validating the successful encapsulation of MSCs within poly-
electrolyte H/G coating, we examined if the MSC coating influences cell
proliferation rate. We performed an Alamar Blue assay and estimated
the cell proliferation for a period of 8 days. We observed that the c-MSCs
and control MSCs show good proliferation up to day 5, albeit with a
lower rate for c-MSCs. However, unlike c-MSCs, the proliferation of
control MSCs drastically slowed down after day 5, while the ¢-MSCs
continued proliferation (Fig. 1D). We believe this enhanced proliferation
by the coated cells is attributed to the heparin and gelatin polymers that
are known to accelerate stem cell proliferation [33,34]. However, as we
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observed a drastic increase in the proliferation rates of the c-MSCs after
day 5, we further examined the proliferation rate with MTS based assay
(Fig. S1 in Supporting information). Interestingly, the MTS assay also
revealed that the coating of the cells did not hinder the proliferation
rates of the c-MSCs. It was also observed that the c-MSCs had a
marginally higher proliferation rates compared to the MSCs suggesting
that the coating can indeed be beneficial to the growth rates of the cells.

3.2. Hematological evaluation of c-MSCs

To access if the c-MSCs are protected from complement attack and do
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not trigger IBMIR, we investigated the effect of the c-MSCs and uncoated
MSCs on fresh non-anticoagulated human whole blood (i.e., whole
blood that was not treated with any anticoagulants). For this purpose, c-
MSCs and MSCs were incubated in a modified chandler's loop with non-
anticoagulated human whole blood for 1 h. We found that poly-
electrolyte coating of MSCs (c-MSCs) attenuated the platelet aggregation
as we observed ~94 % free platelets in the c-MSC group while only ~2 %
of platelets were found in the control MSCs group (Fig. 2A). These ob-
servations were further corroborated with the TAT complex represent-
ing activation of the coagulation cascade, which were significantly
lower in the c-MSCs when compared to the control MSC group (Fig. 2B).
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Fig. 2. (A) Platelet counts observed after incubation of ¢-MSCs and MSCs in non-anticoagulated blood, normalized against the growth medium (GM). (B) TAT
complex, a marker for coagulation in whole blood (N = 3). (C, D) C3a and sC5b-9, markers for complement activation in whole blood (N = 3). Statistics were done

using Mann-Whitney Test using GraphPad Prism. *P < 0.05.
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Next, we investigated the effect of polyelectrolyte coating on the com-
plement system by estimating the expression of C3a and sC5b-9 which
represents the early and late markers of complement activation. As
anticipated, the C3a levels in the c-MSCs were significantly lower
(~600 ng/mL) when compared to the MSCs (~1300 ng/mL). The C5b-9
marker levels were lower in the c-MSCs (~30 IU/mL) when compared to
the control MSCs group (~81 IU/mL), however, they were not signifi-
cant (Fig. 2C, D). The reduction in the TAT generation and the com-
plement proteins suggests that cells are well protected by the
polyelectrolyte coating, which we believe is mediated by the outer layer
of heparin as it is also known to suppress the activation of the comple-
ment and coagulation cascade [35,36]. This is a significant observation
as ¢-MSCs will evade the systemic immune system and display higher
cell survival after transplantation as these cells will not trigger the
thromboinflammation or IBMIR in patients undergoing stem cell ther-
apy as compared to the uncoated MSCs.

3.3. MSCs secretome and immunomodulatory properties

After establishing the stability and hemocompatibility of c-MSCs, we
investigated the functional characteristics of the stem cells by estimating
cytokines released by these cells. We decided to quantify the expression
of IL6 and IL8 produced by the MSCs as they are key regulators of
inflammation and play a crucial role in initiating the reparative process
by polarizing proinflammatory M1 macrophages to a tissue regenerative
M2 phenotype or indirectly stimulating wound healing [37,38]. The IL6
and IL8 cytokines also act as a chemoattractant that recruits immune
cells to cartilage lesions [39] and promote cartilage regeneration in
osteoarthritis [40]. We first analyzed the secretome of the c-MSCs and
the uncoated MSCs obtained after three days of culture by ELISA.
Interestingly, we observed that the levels of IL6 (~7 ng/mL) and IL8
(~0.13 ng/mL) secreted by the c-MSCs were much lower than the
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uncoated MSCs (IL6- ~17 ng/mL; IL8- ~0.9 ng/mL). Further, even after
stimulation of the MSCs and c-MSCs with IFNy and TNFa, the c-MSCs
secretome produced a much lower amount of IL6 (~38 ng/mL) and IL8
(~3.7 ng/mL) after three days when compared to the stimulated MSC
control (IL6- ~133 ng/mL; IL8- ~41.1 ng/mL) (Fig. 3A, B). We specu-
lated that the factors released by the c-MSCs could adhere to the heparin
in the H/G coating as heparin is known to bind cytokines, growth fac-
tors, and other biomolecules [22]. To further confirm if the ¢c-MSCs
indeed produce a lower amount of IL6 and IL8, we quantified the mRNA
levels of these cytokines in the c-MSCs and control MSCs by qRT-PCR
experiment. Interestingly, we observed that on day 3, the c-MSCs had
significantly higher mRNA levels of il6 and il8 when compared to the
uncoated MSCs. The polyelectrolyte-coated cells showed higher levels of
il6 and il8 even when analyzed 7 days after culturing, though this in-
crease was non-significant (Fig. 3C, D). We also estimated the expression
of vegf, hifl and tgff (important markers for immunomodulation, tissue
repair, and regeneration) as we anticipated that the nanocapsule formed
around the c-MSCs would insulate the cells from the surrounding milieu
creating a hypoxic environment. When the mRNA levels of these
markers were analyzed on day 3, we found that there were no significant
differences in the mRNA levels of these markers. Intriguingly, we
observed non-significant increase of the vegf, hifl and tgff mRNA levels
on day 7 in c-MSCs when compared to the uncoated MSCs (Fig. 3E, F, G).
The increased levels of the hifl could help in the survival, proliferation,
and differentiation [41]. hif is also known to influence the production
of vegf [42], which is a known potent angiogenic factor [43]. The in-
crease in tgfff could suggest that the c-MSCs could be more efficient than
the uncoated MSCs in inducing the production of regulatory T-cells that
are known to partake in tissue repair and regeneration [44]. Thus,
polyelectrolyte coating does not significantly reduce or inhibit the
important factors released by the MSCs that are necessary for immu-
nomodulation and tissue repair. We believe that the discrepancy in the
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Fig. 3. (A & B) Levels of the IL8 and IL6 cytokines (in pg/mL) as analyzed through ELISA of the c-MSCs, uncoated MSCs, and ¢-MSCs and uncoated MSCs stimulated
by IFNy and TNFa. (C-G) mRNA expression levels of the il6, il8, vegf, tgf and hifl in uncoated and c-MSCs (n = 6). Statistics done by Anova. *P < 0.05, **P < 0.01.
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ELISA and qRT-PCR data is attributed to the active sequestering of cy-
tokines produced by the c-MSCs by the heparin coat which underesti-
mate the cytokine concentration in the secretome, while the actual
cytokine expression is better represented by the mRNA expression which
is not affected by the heparin coat.

The discrepancy in the cytokine expression as determined by ELISA
and the mRNA levels by qRT-PCR prompted us to investigate the para-
crine signaling abilities of the c-MSCs. For this purpose, we stimulated
the C28/i2 chondrocytes to a pro-inflammatory phenotype by activating
them with lipopolysaccharides (LPS, 1 pg/mL) for 24 h. The conditioned
medium from ¢-MSCs and uncoated MSCs were collected after 3 days in
culture and were exposed to the stimulated chondrocytes. We analyzed
the levels of the major pro-inflammatory genes il1$ and tnfa. As ex-
pected, when the conditioned medium from the uncoated MSCs were
incubated with the stimulated chondrocytes, we observed a decrease in
il1$ and tnfa mRNA expression. A similar effect was observed when the
conditioned medium of the c-MSCs was used as there was a significant
decline in the mRNA levels of the il1 and tnfa when compared to the
LPS treated group (Fig. 4A). We also measured the levels of the anti-
inflammatory marker tgff which exhibited a moderate increase in both
the c-MSCs and the uncoated MSCs (Fig. 4A). These results suggest that
the ¢-MSCs are as effective as the uncoated MSCs, and that the poly-
electrolyte coating does not interfere in the paracrine signaling of the
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MSCs. To further confirm that the immunomodulatory properties of the
MSCs are retained after the polyelectrolyte coating, we exposed the
conditioned medium of the ¢-MSCs and uncoated MSCs to THP1 cells,
that were differentiated into proinflammatory M1 like macrophages.
The medium was then collected, and the cytokines expression was
quantified using FACS through a multiplex bead-based assay. We spe-
cifically analyzed the proinflammatory cytokines TNFo and IL1p which
are the hallmarks of pro-inflammatory macrophages. As anticipated, we
saw a decrease in the production of TNFa (~274 pg/mL with CM of c-
MSCs; ~611 pg/mL with CM of MSCs; and ~1410 pg/mL in control
THP1) and IL1f (~70 pg/mL with CM of c-MSCs; ~95 pg/mL with CM of
MSCs; and ~486 pg/mL in control THP1) when the conditioned medium
of ¢c-MSCs and control MSCs were exposed to the M1 polarized THP1
cells (Fig. 4B & C). We also estimated the expression of IP10 (CXCL10), a
proinflammatory cytokine that is produced by IFNy or LPS stimulated
cells [45]. We observed a drastic reduction in the production of IP10
when the conditioned medium of c-MSCs and the MSCs were exposed to
the proinflammatory THP1 cells (~310 pg/mL with CM of c-MSCs;
~212 pg/mL with CM of MSCs; and ~576 pg/mL in control THP1)
(Fig. 4D). The decrease in the pro-inflammatory markers released by the
M1 polarized macrophages could be due to the immunosuppressive
nature of the MSCs [46]. We also analyzed the levels of IL6, a pleiotropic
cytokine that is known to be involved in both pro-inflammatory as well
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as anti-inflammatory roles [47]. Interestingly, we observed a drastic
increase in the production of IL6 (~315 ng/mL with CM of c-MSCs; ~4
ng/mL with CM of MSCs; and ~4.1 ng/mL in control THP1), when the
conditioned medium of the c-MSCs were added to the M1 like THP1 cells
(Fig. 4E). The conditioned medium from the uncoated MSCs had similar
levels of IL6 secretion when compared to the control THP1 cells. The
increase in the IL6 secretion with the conditioned medium of the c-MSCs
could be due to the sparse amount of gelatin from the H/G coats of the c-
MSCs. It has been reported that gelatin in lower concentrations can
stimulate the release of IL6 which facilitate muscle regeneration [48].
We believe that a net sum of inflammatory cytokines determines the
phenotype of the polarized macrophages, therefore, the reduction of the
proinflammatory TNFaq, as well as the IL1f and IP10, seen in the THP1
cells could signify the suppression of proinflammatory characteristics of
the cells. Furthermore, there have been reports that when the IL6 acts in
a pro-inflammatory role, it is at most times in synergy with TNFa [48].
This further strengthens our conviction that IL6 released when the
conditioned medium of the c-MSCs is exposed to the M1-like macro-
phages could play an anti-inflammatory role. Thus, the immunores-
ponsive properties of the c-MSCs clearly show that the polyelectrolyte
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coating of the MSCs does not hinder the paracrine signaling capabilities
and retains the immunomodulatory functions of the MSCs.

3.4. Differentiation potential of the MSCs

Next, we investigated if the polyelectrolyte coating influences the
differentiation abilities of the MSCs. When MSCs are implanted in the
myocardial infarction site, it is reported to differentiate into car-
diomyocytes in mice myocardial infraction models [49]. Therefore, to
evaluate the differentiation potentials of the c-MSCs and the uncoated
MSCs, we cultured the cells in osteogenic and adipogenic conditions for
a period of two weeks. We also included a group where the c-MSCs and
uncoated MSCs were grown in basal medium for two weeks. To analyze
the osteogenic differentiation potential, the cells were stained with
alizarin red stain. We observed a similar amount of calcium deposits in
the c-MSCs and uncoated MSCs cultured under osteogenic conditions
(Fig. 5B, C). On the contrary, the c-MSCs and uncoated MSCs in the basal
medium did not show any significant calcium deposits (Fig. 5A, D). We
further verified the differentiation ability of these cells by quantifying
the mRNA levels of the two key osteogenic markers, alpl and bglap. We
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Fig. 5. Differentiation potential of the c-MSCs and uncoated MSCs. Alizarin red staining was used to stain the calcium deposits formed in (A) c-MSCs in basal
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observed similar increase in the bglap and alpl in the c-MSCs and un-
coated MSCs under osteogenic conditions when compared to their
respective groups in the basal medium (BM) (Fig. 5I). To analyze the
adipogenic differentiation, the cells were cultured under adipogenic
conditions and stained with oil red S stain which would stain the lipid
present in the cells. These experiments did not reveal any significant
differences in the adipogenic differentiation between the c¢-MSCs and
uncoated MSCs (Fig. 5F, G). The ¢-MSCs and uncoated MSCs did not
show any adipogenic differentiation in the basal medium conditions
(Fig. 5E, H). Subsequently, we analyzed the mRNA levels of the adipo-
genic markers (pparg, Ipl) in the c-MSCs and uncoated MSCs. The mRNA
levels correlated with the oil red S stain results and elevated levels of
pparg and Ipl were observed in the c-MSCs and uncoated MSCs in adi-
pogenic conditions when compared to the cells grown under basal me-
dium conditions (Fig. 5J). These results taken together show that the
polyelectrolyte coating of the MSCs does not hinder the differentiation
potential of the MSCs.

4. Conclusions

In conclusion, we have designed an unembellished method of pro-
tecting the MSCs from the innate immune system, while retaining the
functional characteristics and cell proliferation. The MSCs coated with
gelatin and heparin in an LbL fashion formed stable nanocapsules
around the cells that provided the immunoisolation needed to prevent
immune rejection for successful transplantation in patients. The c-MSCs
did not trigger the coagulation and complement cascade as evidenced by
lower platelet aggregation and suppression of complement (lower C3a
and sC5b9) and coagulation cascade (lower TAT complex) activation
mediated by the cells. The polyelectrolyte coating on ¢c-MSCs did not
hinder their paracrine signaling functions as the conditioned medium of
the c-MSCs was able to suppress inflammation in inflamed chondrocytes
as well as M1 activated macrophages. Finally, we also demonstrated that
the differentiation potential of the c-MSCs was also similar to the un-
coated MSCs as we observed in the differentiation studies. Thus, we
achieved our ambition of designing a multifunctional cell coating
strategy that would mitigate the thrombogenic risks associated with the
infusion of MSCs without compromising on their therapeutic function
and augment their in-vivo survival as the c-MSCs will be protected from
complement attack.
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