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Abstract

Chronic inflammation is associated with upregulation of the transcription factor NF-xB and
excessive inflammatory cytokine secretion by M1 macrophages. The anti-inflammatory cytokine
IL-4 converts pro-inflammatory M1 macrophages into an anti-inflammatory and tissue
regenerative M2 phenotype, thus reducing inflammation and enhancing tissue regeneration. We
have generated NF-xB responsive, or constitutively active IL4-expression lentiviral vectors
transduced into murine bone marrow-derived mesenchymal stromal cells (MSCs). MSCs with a
constitutively active IL-4 expression vector produced large quantities of IL-4 continuously
whereas IL-4 secretion was significantly induced by lipopolysaccharide (LPS) in the NF-xB
sensing MSCs. In contrast, LPS had no effect on MSCs with IL-4 secretion driven by a
constitutively active promoter. We also found that intermittent and continuous LPS treatment
displayed distinct NF-xB activation profiles, and this regulation was independent of IL-4
signaling. The supernatant containing IL-4 from the LPS treated MSCs suppressed M1 marker
(iNOS and TNFa) expression and enhanced M2 marker (Arginase 1, CD206, and IL1Ra)
expression in primary murine macrophages. The IL-4 secretion at the basal, non-LPS induced
level was sufficient to suppress TNFa and enhance Arginase 1 at a lower level, but had no
significant effects on iINOS, CD206, and IL1Ra expression. Finally, IL-4 secretion at basal or LPS-
induced levels significantly suppressed osteogenic differentiation of MSCs. Our findings suggest
that the 1L-4 secreting MSCs driven by NF-xB sensing or constitutive active promoter have great
potential for mitigating the effects of chronic inflammation and promoting earlier tissue
regeneration.
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Comparison of NF-xB sensing and constitutive |L-4 secreting models.
Upper, the NF-kB sensing MSCs secret biological levels of IL-4 when exposed
to an inflammatory stimulus; bottom, constitutive active promoter
expresses excessive |L-4 that may potentially induce adverse effects.
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Introduction

Regeneration of damaged mesenchymal tissues including bone is based on the interplay
between mesenchymal stromal cells (MSCs) and cells of the immune system [1, 2]. While
MSCs and other stem cells are ultimately responsible for the regeneration of bone and other
tissues, it is increasingly recognized that macrophages play a crucial role in regulating the
recruitment and differentiation of these cells. MSCs reciprocally regulate macrophage
function, mediating the physiological transition from acute inflammation to tissue
regeneration.

Macrophages are recruited to the site of tissue damage immediately after injury [1, 2].
Microenvironment cues present at the site of the inflammation such as various Toll-like
receptor ligands, tumor necrosis factor alpha (TNF-a), and/or interferon gamma (IFN-y)
activate macrophages to an inflammatory phenotype known as classically activated or M1
macrophages [3, 4]. In addition to removing tissue debris via phagocytosis, these cells
produce reactive oxygen and nitrogen species to eradicate potential pathogens, and also
secrete various pro-inflammatory cytokines and chemokines. These factors amplify the
inflammatory reaction but also initiate the recruitment and activation of MSCs.

Following the clearance of the damaged tissues, acute inflammation is followed by
reprogramming of inflammatory M1 macrophages to a phenotype known as alternatively
activated or M2 macrophages [3-5]. M2 macrophages promote tissue regeneration,
angiogenesis, and biomaterial implant integration by secreting anti-inflammatory cytokines,
chemokines, and multiple growth factors that guide the differentiation of MSCs [6, 7]. The
M2 macrophage phenotype was originally thought to be induced by the cytokine
interleukin-4 (1L-4) but since then several other microenviromental signals that induce M2-
like phenotypes have been identified. In particular, the discovery that MSCs polarize M1
macrophages to an M2 phenotype is of note and suggests that MSCs recruited to the site of
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tissue damage reciprocally modulate macrophage activity to facilitate the resolution of
inflammation and subsequent healing [8, 9].

Failure to resolve the acute tissue injury and/or induce M1 to M2 reprogramming in
macrophage phenotype leads to chronic inflammation with ongoing tissue damage and
incomplete resolution [4, 5, 10]. In order to mimic the role that MSCs play in the
physiological M1 to M2 transition during tissue regeneration, the aim of this proof-of-
concept study was to develop MSCs as “on-demand” drug delivery vehicles that have an
enhanced ability to modulate macrophage phenotype towards tissue-regenerative M2 when
these cells are implanted into an inflammatory microenvironment. To this end, the IL-4
transgene was placed under the promoter region of an inflammatory transcription factor NF-
xB. As a result, these cells produce IL-4 when NF-xB is activated by inflammatory signals
(such as inflammatory cytokines and toll-like receptor ligands) in the local
microenvironment; once the inflammatory signaling is withdrawn, 1L-4 production quickly
ceases limiting potential adverse effects. As an alternative approach MSCs that continuously
produce IL-4 were created by placing the IL-4 transgene under the control of the
constitutively active promoter region. These cells could prove to be useful for cell based
tissue engineering as well as the treatment of a wide variety of conditions in which limiting
chronic inflammation and induction of tissue regenerative M2 macrophage polarization is
beneficial.

Materials and Methods

Isolation of murine mesenchymal stromal cells and macrophages

The method of isolating mouse bone marrow derived MSCs and macrophage has been
described previously [11, 12]. In brief, bone marrow was collected from the femurs and
tibias of 8-10 weeks old C57BL/6J male mice. Institutional Animals Care and Use
Committee (IACUC) guidelines for the care and use of laboratory animals were observed in
all aspects of this project. For MSC isolation, the cells were carefully suspended and passed
through a 70um strainer, spun down, and resuspended in a-MEM (Thermo Scientific)
supplied with 10% MSC certified (with enhanced clonal expansion efficiency) fetal bovine
serum (FBS, Invitrogen) and antibiotic antimycotic solution (100 units of penicillin, 100ug
of streptomycin, and 0.25 pg of Amphotericin B per ml; Hyclone, Thermo Scientific). The
fresh media was replaced the next day to remove the unattached cells (passage 1). The
immunophenotype of isolated MSCs (CD105+/CD73+/CD90.2+/Scal+CD45-/
CD34-CD11b-, Supplementary Fig. 1) as defined by International Society for Cell Therapy
(ISCT)[13] was characterized by LSR Il flow cytometer (BD Bioscience) at passage 4. For
macrophage isolation, the bone marrow cells were washed 3 times with culture medium
(RPMI11640 medium supplemented with 10% heat inactivated FBS, and the antibiotic/
antimycotic solution), re-suspended in the culture medium containing 30% of L929 cells
conditioned medium and 10ng/ml mouse macrophage colony stimulation factor (M-CSF, R
& D), and re-plated in T-175 culture flasks at a concentration of 4x107 cells per flask. Cells
were allowed to expand for 5-7 days, with a medium change at the second day to remove
non-adherent cells. The cells were analyzed for macrophage surface marker expression
(F4/80 & CD11b, Biolegend) after day 7.
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Construction of IL-4 expressing plasmids

The constitutive IL-4 expression lentivirus driven by Cytomegalovirus (CMV) promoter was
released from the IL-4 expression plasmid pCMV3-mlIL4 (Sino Biological Inc.) by digested
with Spel/Notl restriction enzyme and ligated into the pPCDH-CMV-copGFP lentiviral
expression vector (CD511B-1, System Biosciences) to generate the pPCDH-CMV-mILA4-
copGFP vector. The fragment containing the NF-xB response element and a mini-promoter
was amplified by PCR (Forward primer: 5’-tacgtcactagttgagctcgct-3’, Reverse primer: 5°-
atgctaggtaccggtggcttta-3’) from the reporter plasmid pGL4.32[luc2/NF-xB-RE/Hygro]
(Promega) using Phusion high-fidelity DNA polymerase (NEB), and replaced the CMV
promoter on the pPCMV3-mIL4 to generated pNFxBRE-mIL4 vector. The successful
construct was confirmed by Sanger DNA sequencing (McLab). The NF-xB sensing and 1L-4
expression fragment was released from pNFxBRE-mIL4 (Spel/Notl, NEB) and ligated into
the CD511B-1 vector to generate the pPCDH-NFxBRE-mIL4-copGFP vector.

Preparation and infection of lentiviral vectors

The virus preparation was performed as previously described[14]. Human embryonic kidney
293T cells (ATCC, Manassas, VA) were cultured in Dulbecco’s modified eagle medium
(Life Technologies, Pleasanton, CA) supplied with 10% heat inactivated fetal bovine serum
(FBS, Invitrogen, Waltham, MA) and antibiotic-antimycotic solution (100 units of penicillin,
100ug of streptomycin, and 0.25 pg of Amphotericin B per ml; Hyclone, Thermo Scientific,
Waltham, MA). Human immunodeficiency virus-1 based vesicular stomatitis virus-G (VSV-
G) pseudotype lentivirus particles were generated by co-transfecting the IL-4 expressing
lentivirus vector, psPAX2 packaging vector, and pMD2G VSV-G envelope vector into 293T
cells using calcium phosphate transfection kit (Clontech, Mountain View, CA) with 25uM
chloroquine. The culture supernatant was collected 48 h post-transfection and the cellular
debris was removed by centrifugation. The virus titer was determined by using 293T cells;
the titer of multiplicity of infection (MOI) on 293T cells were used to calculate the virus
amount used in MSC infection. The supernatant was mixed with MSC culture medium at 1:1
ratio and supplemented with 6ug/ml of polybrene (Sigma Aldrich), and infected to murine
MSCs at MOI=40. The infection efficiency (number of GFP+ cells) was confirmed by LSRII
flow cytometer (BD) 4 days post-infection. Flow cytometry analysis was done on
instruments in Stanford Shared FACS Facility.

Induction of IL-4 secretion in MSCs and Macrophage polarization

Lipopolysaccharide (LPS, from Escherichia Coli 0127: B8) was purchased from Sigma-
Aldrich. The IL-4 secreting MSCs were exposed to 1ug/ml LPS for 24 hours or left
untreated. The LPS concentration was chosen following the protocols of previous studies
investigating the effect of LPS on MSCs with the goal of reliably inducing NF-xB activation
rather than modeling any specific disease state [15-17]. Primary mouse macrophages were
treated with the conditioned media containing LPS, or the conditioned media from untreated
control but freshly added 1pg/ml LPS (Fig. 3a & 4a). The macrophage polarization status 24
hours later was evaluated by quantitative real-time PCR and ELISA as described in
following sections.
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Enzyme linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) kits for IL-4 and TNF-a were purchased
from Biolegend. IL1-Ra assay kit was purchased from R&D System. Manufacturers’
protocols were followed carefully. The optical densities were determined using a Bio-Rad
3550-UV microplate reader (Bio-Rad, Hercules, CA) set at 450 nm.

Quantitative PCR

Cellular RNAs were extracted by using RNeasy RNA purification kit (Qiagen, Valencia,
CA). RNAs were reverse transcribed into complementary DNA (cDNA) using a high-
capacity cDNA archive kit (Applied Biosystems, Foster City, CA). Probes for 18s rRNA,
TNF-a, IL1Ra, iNOS, Arginasel, and CD206 were purchased from Applied Biosystems.
Reverse-transcriptase polymerase chain reaction (RT-PCR) was performed in an ABI
7900HT Sequencing Detection System (Applied Biosystems), using 18s rRNA as the
internal control. The —AACt relative quantization method was used to evaluate gene
expression level.

Luciferase assay

The lentiviral NF-xB luciferase reporter vector (0CDH-NF-xB-luc2p-copEGFP) was
generated previously[18]. Murine MSCs were infected by the reporter viral vectors as
described in the “preparation and infection of lentiviral vector” section. Cellular proteins
were harvested and analyzed using a luciferase assay kit (Promega). The manufacturer’s
protocol was followed carefully. The results were normalized by total protein concentration
as measured by Pierce® BCA protein assay kit (Thermo Scientific).

Osteogenesis assay

IL-4 secreting mouse MSCs or control cells were grown in osteogenic medium (a.-MEM
(Thermo Scientific) supplemented with 10% FBS, 100 nM dexamethasone, 10 mM B-
glycerol phosphate and 50 uM ascorbate-2-phosphate, Sigma) or control medium. The
supernatants at week 2 were used for the alkaline phosphatase (ALP) activity assay
(QuantiChrome™ Alkaline phosphatase assay kit, Cat.No.DALP-250; Bioassay Systems,
Hayward, CA). Extracellular matrix mineralization in mouse MSCs was stained using the
Alizarin red (Sigma) at week 3. The results were photographed and the staining was eluted
by 10% cetylpyridinium chloride (Sigma) and quantified by measuring the absorbance at
562 nm.

Statistical analysis

Non-paired t tests were performed for data with two groups, and a one-way ANOVA with
Tukey’s post-hoc test was performed for data with 3 or more groups. The statistical analysis
was conducted using Prism 6 (GraphPad Software, San Diego, CA). Data are reported as
mean + standard error of the mean. The osteogenesis assay was performed with six
replicates. The luciferase assay was performed with four replicates. ELISA and quantitative
PCR analysis was performed in triplicate. P<0.05 was chosen as the threshold of statistical
significance.
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IL-4 secretion in MSC driven by NF-xB sensing or constitutive active promoters

Murine MSCs were infected with the lentiviral vectors to generate the vector control MSC
(MSCV, with pCDH-CMV-copGFP vector), NF-xB sensing and IL-4 secreting MSC
(MSCNF-xBREIL4 \yith pCDH-NF-xBRE-mIL4-copGFP vector), and constitutive IL-4
secreting MSC (MSCEMV-IL4) ‘The |L-4 secretion in mock-infected MSCs and MSCV was
below the detectable range of ELISA, regardless of the presence or absence of 1ug/ml LPS.
IL-4 secretion in MSCNF-*BRE IL4 \yas significantly induced by LPS exposure for 24 h (from
172.18 to 3679.95 pg/ml, Fig. 1). MSCEMV-IL4 secreted high levels of IL-4 constitutively
with no significant difference observed after exposure to LPS (19416.5 to 22291.0 pg/ml,
Fig. 1).

Intermittent and continuous LPS exposure displayed distinct NF-xB activation profiles in

MSCs

We further assessed the effect of repeated NF-xB activation on the induction of I1L-4
secretion from MSCNFBRE IL4 qyring which the cells were exposed to LPS either
continuously or intermittently to simulate chronic and recurrent inflammatory conditions.
The IL-4 secretion in MSCNF-xBRE IL4 a5 induced to 3679.95 pg/ml after one-day
exposure to 1pg/ml LPS. The secretion level was decreased to 487.98pg/ml one day after
LPS was withdrawn (day 2), and reduced to basal levels (170.88pg/ml) at day 3 (Fig. 2a).
The IL-4 secretion was increased to 28797.00pg/ml when the NF-xB activity in MSCs was
induced again by LPS at day 5 (Fig. 2a). Comparably, the IL-4 secretion in NF-xB sensing
MSCs with continuous LPS exposure was decreased at day 2 (1028.45pg/ml) and day 3
(1379.45pg/ml), and increased again after day 4 (5094.65pg/ml, Fig. 2b). To clarify whether
IL-4 can affect the secretion profiles in MSCNF-¥BRE IL4 exnosed to LPS in an autocrine
manner, MSCs were infected with NF-xB luciferase reporter lentivirus as previously
described [18]. The results showed that the NF-xB activation patterns induced by
intermittent (Fig. 2c¢) or continuous (Fig. 2d) LPS treatment were consistent with the 1L-4
secretion profiles in MSCNF-¥BREIL4 g qgesting that IL-4 secretion did not alter the NF-xB
activation status in MSCNF-*BRE IL4

Macrophage polarization by the conditioned media containing IL-4

To examine the ability of MSC secreted IL-4 to modulate macrophage polarization, primary
mouse macrophages were treated with the conditioned media from LPS exposed MSCV,
MSCNF-*BRE IL4 ‘and MSCCMV IL4 or |eft untreated (Fig. 3a). The conditioned media with
1ug/ml LPS with no cells was collected to clarify the MSCV effects (Supplementary Fig.
2a). Conditioned media from MSCV turned the primary macrophages into inflammatory M1
type cells (TNFa+, iINOS+, TNFa/IL1Ra A/gh) due to remaining LPS in the media (Fig.
3b-i). Conditioned media from MSCNF-*BRE IL4 ang MSCCMV IL4 \yas able to modulate this
inflammatory M1 macrophage phenotype into an anti-inflammatory M2 macrophage
(Arg1+/CD206+) phenotype at both mMRNA and protein expression levels (Fig. 3b—i).
Notably, conditioned media from MSCNF-¥BRE IL4 increased Argl (Fig. 3f) but decreased
iNOS (Fig. 3b) and TNFa (Fig. 3d) expression compared to the MSCEMV IL4 group,
suggesting that MSCNF-xBRE IL4 has greater immunomodulation ability even though the
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IL-4 secretion levels were lower than that of MSCCMV IL4 group (Fig. 1). In addition,
conditioned media from MSCV increased iNOS, decreased Argl and I1L-1Ra, and had no
effect on TNF-a/IL-10/CD206 expression compared to the LPS alone (no cells) group
(Supplementary Fig. 2b—g), suggesting that MSCV exposed to LPS may enhance
inflammatory response in macrophages via paracrine regulation.

To assess the ability of untreated MSCs and the IL-4 secreted at baseline from unstimulated
MSCNF-*BRE IL4 ce||s to modulate macrophage polarization, mouse macrophages were
treated with conditioned media from untreated MSCV and MSCNF-¥BRE IL4 3 freshly
added 1pg/ml LPS to induce M1 macrophage polarization (Fig. 4a). MSC culture media
with or without LPS served as control groups. Conditioned media from MSCV did not
mitigate the inflammatory phenotypes induced by LPS (Fig. 4b—i), and even further
enhanced iNOS expression (Fig. 4b) and TNFa/IL1Ra ratio (Fig. 4e) compared to the LPS
treated macrophages. Interestingly the 1L-4 secretion by MSCNF-xBRE IL4 5t hasal level
(without NF-xB induction) was already able to modulate LPS-induced inflammatory M1
macrophages into an anti-inflammatory M2 macrophage phenotype at both mRNA and
protein expression levels (Fig. 4b—i). These effects, however, were less prominent than the
ones caused by LPS induced IL-4 secretion by MSCNF-*BREIL4 (Eig 3),

IL-4 secretion inhibited osteogenesis in MSCNF*BRE IL4 gnd MSCCMV IL4

The osteogenic ability of IL-4 secreting MSCs at basal or induction level was examined in
vitro. In the supernatants collected at week 2, we found that ALP activities in
MSCNF-*BRE IL4 gng MSCCMV IL4 \were decreased compared to MSCV. Continuous LPS
treatment had no effects on ALP activity in MSCs (Fig. 5a). Similarly, the extracellular
matrix mineralization in MSCNF-*BRE IL4 ang MSCCEMV IL4 \ya5 decreased at week 3, and
the results were not changed by LPS treatment (Fig. 5b).

Discussion

Our study suggests that MSCNF-¥BRE IL4 and MSCCMV IL4 can secrete significant IL-4 and
modulate inflammatory macrophages into a favorable anti-inflammatory phenotype.
However, excessive IL-4 production by continuously overexpressing MSCs with leakage of
IL-4 into the systemic circulation could potentially include impair bone formation [19],
increase the risk of infection [20, 21], induce synovial hyperplasia [22], and allergenic
reactions [23]. Comparatively, the novel therapeutic strategy of using MSCNF-xBRE IL4 cap
potentially mitigate chronic inflammation-associated diseases in bone and other tissues with
reduced adverse effects, as the 1L-4 secretion is limited to the periods of ongoing
inflammation. We previously demonstrated that 1L-4 ranged between 1-20ng/ml has similar
effects on the modulation of macrophage polarization [24], suggesting that I1L-4 secreted by
MSCNF-*BRE IL4 js syfficient for immunomodulation.

MSCs have been applied as gene carriers to enhance the therapeutic efficiency in many
cancer and non-cancer disease models [25]. Though viral vectors continue to be the most
efficient way for gene transduction in primary MSCs, several non-viral vector-mediated gene
delivery methods have also been reported to avoid potential carcinogenic transformation [25,
26]. The cytokines secreted by the transduced MSCs could be detected up to several months
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after cell infusion, indicating that MSCs can be a gene carrier for long-term therapy [27].
Constitutively active promoters have been widely used in MSC-based gene therapy to ensure
the sufficient dosage of target proteins [25]. However, continuous exposure to high dosage
treatments also raises the concern of adverse effects on normal tissues. Comparatively, the
currently established NF-xB sensing MSC model has the advantage of secreting biologically
relevant levels of immune-modulators in response to inflammatory stimuli, with the reaction
quickly diminishing after the inflammatory stimulus has been discontinued. In addition, the
reaction can be further induced by repeated NF-kB activation to mitigate recurrent and/or
persisting inflammation. Therefore, the novel inducible MSC-based cellular therapy can
preserve therapeutic efficiency but largely reduce potential adverse effects.

Modulation of adaptive immunity and induction of T lymphocyte apoptosis by MSCs have
been well characterized in translational applications [28]. Recent studies demonstrated that
MSCs could also modulate the innate immune response including pro-inflammatory
macrophages [29, 30]. MSC-mediated M2 macrophage polarization and IL10 production
were crucial to the protective mechanisms against septic shock in a murine in vivo model
[29]. Exposure of MSCs to inflammatory stimuli such as LPS alone or IFNy plus TNFa
induced prostaglandin E2 production and mitigated the pro-inflammatory responses in
macrophages in vitro [29, 30]. In our data, we observed that the conditioned media from
MSCV exposed to LPS failed to modulate M2 macrophage polarization, and further
enhanced inflammatory M1 markers (Supplementary Fig. 2). A previous report showed that
MSCs exposed to LPS induced an inflammatory “MSC1” secreting profile [31].
Comparatively, MSCs direct co-cultured with macrophages induced IL-10 secretion in the
presence of LPS in vitro, and the modulation was less efficient in transwell co-cultured, or
MSC conditioned media treated groups [29]. These findings suggest that the crosstalk or
even direct cell-cell contact between MSCs and macrophages are essential for MSCs to
modulate innate immunity to desired anti-inflammatory response. Although these protective
mechanisms have been found in endogenous MSCs, the effects might not be sufficient to
mitigate chronic inflammation due to limited cell numbers in the local area, especially in
aged patients with reduced cell numbers [32]. Therefore, administration of exogenous MSCs
with enhanced immunomodulatory capabilities on macrophage polarization is an efficient
strategy for the treatment of chronic inflammatory diseases. The amount of IL-4 secreted by
both MSCNF-*BRE IL4 ang MSCCMV IL4 s relatively high compared, for instance, to
activated TH2 cells [33-37] and can thus be expected to have a biological effect both in vitro
and in vivo. Indeed, the IL-4 secreted both by MSCNF*BRE IL4 gng MSCCMV IL4 ce|ls was
very effective in modulating macrophage polarization even after exposure to relatively high
amounts of LPS. The exact amount of IL-4 delivered can be further fine-tuned by optimizing
the total number of cells implanted to the site of injury.

We found that continuous LPS stimulation induced a transient negative feedback regulation
of NF-xB activation, whereas intermittent LPS stimulation enhanced NF-xB responses in
MSC (Fig. 2). This observation suggested that the protective mechanism in MSCs could be
sensitized in response to the recurrent inflammatory stimulus. Further investigations are
required to clarify whether the phenomenon is limited to NF-xB signaling, the minimum
interval needed for the enhanced response, and the period that the sensitized MSCs may
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persist. The strategy of modulating the MSC response could potentially be applied to
existing treatment strategies to enhance their therapeutic efficiency.

M1 macrophage polarization status is closely related to the pathogenesis of several
inflammation-associated diseases, including periprosthetic osteolysis [38, 39], myocardial
infarction [40], diabetes [41], and spinal cord injury [42]. Indeed, modulation of macrophage
polarization to limit inflammation and induce tissue regeneration is emerging as promising
treatment approach for these and other serious diseases [5, 43]. For example, it has been
shown that local IL-4 treatment prevents wear particle induced osteolysis resulting in locally
increased bone formation [39]. IL-4 was also shown to increase bone formation in a fracture
model [44]. Similarly, functionalized scaffolds that constitutively released IL-4 increased
scaffold vascularization via modulation of macrophage polarization [45]. In a seminal study
by Sadtler et al. it was recently shown that the T helper cell type 2 response with IL-4
production was crucial for healing of a critical sized muscle injury treated with various
biomaterial scaffolds [46].

The balance between osteoclast and osteoblast activities determines the results of the bone-
remodeling process. The effect of IL-4 to inhibit osteoclast activation has been well
characterized [47-49], but the effect on osteoblast activity (osteogenesis) remains unclear.
Our current findings showed that continuous secretion of IL-4 suppressed osteogenesis even
at a lower dose (100-200pg/ml) comparable to basal levels in MSCNF-xBREIL4 (Fjg 5),
Furthermore, increased T lymphocytes infiltration in the bone marrow is associated with
osteopenia (reduced bone formation) in a systemic sclerosis murine model of fibrillin-1
deficient mice [19]. This mechanistic study showed that secretion of IL-4 by T lymphocytes
activated mTOR signaling in MSC/osteoblast lineage cells to inhibit osteogenic
differentiation [19]. Although these results might question the validity of the approach in the
context of bone, there is accumulating in vivo evidence that IL-4 treatment is beneficial in
multitude of bone related conditions including fracture repair [44], inflammatory
orthopaedic wear particle induced bone loss [39], and bone tissue engineering [45] It is thus
possible that the inhibition of the MSC-to-osteoblast differentiation observed in the current
study is an in vitro artifact. Indeed, prior studies looking at the effects of IL-4 on bone
formation in vitro are controversial with reports describing both increased and decreased
bone formation after IL-4 exposure [50-53]. We previously reported that delayed treatment
with IL-4 (delivered between day 3-7 during osteogenesis) in the MSC/macrophage co-
culture system enhanced osteogenesis via M2 macrophage polarization [54]. In addition,
there is evidence that IL-4 delivery is a valid treatment approach outside the context of bone
such as repair of damaged articular cartilage [55] and engineering of muscle tissue [46].
Taken together, despite the reduced osteogenesis observed in the current assays there is
ample evidence showing that IL-4 delivery is a promising strategy to treat a multitude of
conditions both in and outside of the context of bone to justify this proof-of-concept drug
delivery approach. However, further validation both in co-cultures with macrophages as well
as in animal models of inflammation, bone loss, and fracture repair are warranted to
ultimately determine the utility of the IL-4 secreting MSCs.

In conclusion, our NF-xB sensing and IL-4 secreting MSC-based cell therapy has great
potential for the treatment of chronic inflammatory diseases with unresolved inflammation.
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The innovative inflammation-inducible system could reduce the adverse effects and
therefore improve the therapeutic efficiency and prognosis in translational applications.
Further validation of this drug delivery approach in animal models of inflammation and bone
loss is warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Constitutive or NF-xB sensing IL-4 secretion by MSCs exposed to LPS
(a) The MSCY, MSCEMV IL4 M SCNFYBREIL4 o mock control was exposed to 1ug/ml LPS

for 24 hours or left untreated. IL-4 secretion was quantified by ELISA. The difference
between LPS treated group and untreated control were compared. ***p<0.005
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Fig. 2. Continuous or intermittent LPS administration displayed differential NF-xB activation

and IL-4 secretion in MSC

NF-xB sensing and IL-4 secreting MSC was exposed to 1ug/ml LPS intermittently at day 1
and day 5 (a) or continuously from day1 to day 5 (b). The supernatants were collected daily
and the IL-4 secretion was quantified by ELISA. The MSCs with NF-xB response luciferase
reporter gene expression were exposed to 1ug/ml LPS intermittently (c) or continuously (d),
and the NF-xB activities were measured by luciferase assay. The difference between LPS
treated group from day 1-5 was analyzed by one-way ANOVA with multi-comparison test

with day1 as control. *p<0.05, **p<0.01
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Fig. 3. MSCNF-XBRE IL4 6y y0sed to LPS have comparable immunomodulation ability with
MSCCMV L4

(a) Hlustration of I1L-4 secreting MSC-mediated immunomodulation on macrophage
polarization. The conditioned media collected from MSCs (vector, CMV-1L4, and NFxBRE-
IL4) exposed to 1ug/ml LPS were used to treat macrophages for 24 hours. M1 (b—e) and M2
(f-i) macrophage markers were analyzed by quantitative PCR (b, c, f, g, h) or ELISA (d, e,
i). The ratio of TNFa and IL-1RA production was determined to highlight balance of pro-
and anti-inflammatory factors (e) The difference between LPS treated groups was analyzed
by one-way ANOVA. *p<0.05, **p<0.01, ***p<0.005

Cytotherapy. Author manuscript; available in PMC 2018 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Linetal.

a

Page 17

LPS

24hrs 24hrs

— b ——> ELISA & qPCR

Fold of untreated control

Fold of untreated control

Macrophage
' " TNFa d TNFa g TNFa/lL1Ra
iNOS 80 a 4000- * 0.5 I

*k

Fold of untreated control
N B (=2
T T T T
F ‘
|
pg/ml
= N w
o (=] (=]
(=] o (=]
< T T T
- B
I |
Ratio
o o o o o
T B & §
_|
.l

T T
d & N > XY % A X
06@ 3@‘90 Qg/\v @'b@ \3 “@o Qg,\\' e‘b@ \3 éfoo Qg,\\r
& 2 N & & &
& N & N R
P o o
) & o
A} & A\
g CD206 h IL1Ra i IL1Ra
*kk 100" ® *
4006+ o 1.5- . 3 o o 20000 ——
" % = § o 15000
g _— (3] =
3000 S 1o 2 B N
@ = 2 60 £
1 ©
2000- 3 o - T 2 100004 .
€ t 40+
5 0.54 3
1000+ "g 2 20- 5000~
© ©°
— ('8
o'_I_-|'-F'I'_ - 0.0~ I 0 T T T 0~
R N & £ ;O R P o@b L3>
& V& & Y E & F V&L & TP
& g & Q & P & &
& < S b ) &
& S & =
~ & ~

Fig. 4. MscNF-xBRE IL4 exposed to LPS have comparable immunomodulation ability with
constitutive 1L4 secreting MSCs

(a) Hlustration of IL-4 secreting MSC-mediated immunomodulation on macrophage
polarization. The conditioned media collected from untreated MSCs (vector and NFxBRE-
IL4) was used to treat for 24 hours with freshly added LPS (1pg/ml). M1 (b—e) and M2 (f-i)
macrophage markers were analyzed by quantitative PCR (b, c, f, g, h) or ELISA (d, e, i).
The ratio of TNFa and IL-1RA production was determined to highlight balance of pro- and
anti-inflammatory factors (e) The difference between LPS treated groups was analyzed by
one-way ANOVA. *p<0.05, **p<0.01, ***p<0.005
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Fig. 5. IL-4 secretion inhibited osteogenesis in MSC
The osteogenic differentiation in IL-4 secreting MSCs was examined by (a) the ALP activity

in the supernatant at week 2 and (b) calcium mineralization stained by alizarin red at week 3
of osteogenesis. MSCs were exposed to 1ug/ml LPS to activate NF-xB signaling or left
untreated during the osteogenesis. The difference between groups was analyzed by one-way
ANOVA. ***p<0.005
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